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Remarks 

Reconsideration of this Application is respectfully requested. 

Upon entry of the foregoing amendment, claims 1, 34-39, 41-44, 46, and 52-54 
are pending in the application, with claims 1, 34, 36-37, and 52 being the independent 
claims. Claims 2-33, 40, 50, and 51 were previously sought to be canceled without 
prejudice to or disclaimer of the subject matter therein. Claims 45 and 47-49 are 
herewith sought to be canceled without prejudice to or disclaimer of the subject matter 
therein. Applicants reserve the right to pursue any of the canceled subject matter in 
related applications. Claims 1, 34, 36-37, 44, and 52 are sought to be amended. These 
changes are believed to introduce no new matter, and their entry is respectfully 
requested. 

The specification at the bridging paragraph of pages 5-6 has been amended to 
correct obvious grammatical errors. Support for the amendment is found, inter alia, in 
the specification as originally filed in the original bridging paragraph at pages 5-6. 

The specification at page 34, lines 3-26, has been amended to correct obvious 
typographical errors. Support for the amendment is found, inter alia, in the specification 
as originally filed at page 34, lines 3-26. 

■ Support for the amendments to claims 1, 34, 36-37, and 52 is found, inter alia, in 
the specification as originally filed at page 3, lines 13-24; page 3, lines 25-30; pages 3-4, 
bridging paragraph; pages 5-6, bridging paragraph; page 8, lines 28-33; pages 14-15, 
bridging paragraph; page 15, lines 3-15; page 3, line 10; page 5, lines 14-23; page 18, 
lines 10-15; page 19, lines 25-31; and pages 19-20, bridging paragraph. 
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Support for the amendment to claim 37 is found, inter alia, in the specification as 
originally filed at page 4, lines 19-34; page 5, lines 5-9; and page 16, lines 7-17. 

Claim 44 has been amended to correct an obvious spelling error. 

Based on the above amendment and the following remarks, Applicants 
respectfully request that the Examiner reconsider all outstanding objections and 
rejections and that they be withdrawn. 

/. Claim Rejections under 35 U.S.C. § 112, First Paragraph, Written 
Description 

Claims 34-36, 39, 41-42, 44-49, and 52-53 were rejected under 35 U.S.C. § 1 12, 
first paragraph, as allegedly failing to comply with the written description requirement. 
Applicants respectfully traverse the rejection. 

Based on Applicants' previous claim limitation reciting "an agent that reduces 
uptake" and a qualification made in Applicants' Specification stating "[w]hile not 
wishing to be bound by theory," the Examiner asserts lack of written description, 
alleging that "Applicant doesn't understand why or how the mechanism work[s] . . . ." 
Office Action at pages 3-4; Office Action at page 4, fourth paragraph under "Response to 
Argument-written description;" and bridging paragraph of the Specification at pages 2-3. 
Purely in the interest of furthering prosecution and not as an admission that the 
Examiner's assertions are correct, Applicants have amended the claims to recite "an 
agent that reduces Kupffer cell function." 

Applicants' Specification teaches a clear cause and effect relationship between 
reducing Kupffer cell function and increasing the levels of a therapeutic gene product in 
a subject. See, e.g., Example 5. Furthermore, while Applicants' Specification discloses 



Atty. Dkt. No. 2159.0830001/EJH/SAS 



- 1 1 - Barsoum et ah 

AppLNo. 10/618,299 

that Kupffer cell function may be reduced by mechanisms including lowering Kupffer 

cell levels and/or reducing Kupffer cell uptake of the viral vector, the claims do not recite 

or require a specific mechanism by which an agent reduces Kupffer cell function. 

Specification at page 3, lines 8-9; page 3, line 27, to page 4, line 3; and page 5, line 32, 

to page 6, line 2. Because of the latter, Applicants are under no requirement to 

demonstrate a specific mechanism underlying the claimed effect. 

No burden exists under the written description requirement to demonstrate "why 
or how" an invention works when no specific mechanism is claimed. In fact, it is well- 
settled that an Applicant need not understand why or how an invention works as long as 
the disclosure indicates how to achieve the claimed result. Newman v. Quigg, 877 F.2d 
1575, 1581, 11 USPQ2d 1340, 1345 (Fed. Cir. 1989)("...it is not a requirement of 
patentability that an inventor correctly set forth, or even know, how or why the invention 
works. . . "); Diamond Rubber Co, v. Consolidated Rubber Co., 220 U.S. 428, 435-436, 3 1 
S. Ct. 444, 447-48, 55 L.Ed. 527 (191 l)("It is certainly not necessary that [a patentee] 
understand or be able to state the scientific principles underlying his invention..."); 
M.P.E.P. § 2138.05, citing Parker v. Frilette, 462 F.2d 544, 547, 174 USPQ 321, 324 
(CCPA 1972)("[a]n inventor need not understand precisely why his invention works in 
order to achieve an actual reduction to practice."). See also, Utility Examination 
Guidelines, 66 Fed. Reg. 1092, 1095-1096 (Jan. 5, 2001)(Response to Comment 15, 
discussing satisfaction of the written description requirement and reciting the above- 
quoted statement from Newman v. Quigg). 

As stated in Newman, what is required is that a disclosure teaches "how to 
achieve the claimed result, even if the theory of operation is not correctly explained or 
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even understood." Id. at 1581, 11 USPQ2d at 1345. Applicants 1 claims recite the 

reduction of Kupffer cell function, e.g., "an agent that reduces Kupffer cell function" in 

independent claims 1, 34, 36, 37, and 52, and do not require a specific mechanism 

through which reduction is achieved. Because Applicants' claims do not recite a specific 

mechanism, Applicants are under no requirement to demonstrate how or why reduction 

of Kupffer cell function occurs or to demonstrate how or why such reduction leads to the 

claimed increase in levels of a therapeutic gene product. Applicants 1 disclosure teaches 

the methodology required for increasing the level of a therapeutic gene product by 

administration of an agent that reduces Kupffer cell function. As such, Applicants teach 

"how to achieve the claimed result," thereby satisfying the written description 

requirement. 

In asserting alleged lack of description for viral vectors, viral particles, and viral 
nucleic acids other than adenovirus and alleged lack of description for particulate matter, 
the Examiner states that . .mere description, without any linked cause and effect, does 
not provide possession beyond. . .the use of adenoviruses to increase the transformation 
of more adenovirus encoding a transgene." Office Action at page 4. The latter statement 
is without legal or factual basis under a correct application of the written description 
requirement. An analysis of whether Applicants' Specification fulfills the written 
description requirement for "agents" must be based upon whether the Specification 
provides "sufficiently detailed, relevant identifying characteristics which provide 
evidence that applicant was in possession of the claimed invention." See M.P.E.P. § 
2163. IL3. Applicants 1 disclosure clearly demonstrates possession of viral and particulate 
matter agents and their use in the claimed methods and compositions to reduce Kupffer 
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cell function such that one of ordinary skill in the art could identify members of the class 
'agents.' For example, the Specification discloses virally-derived agents such as viral 
vectors, viral particles, and viral nucleic acids. Specification at page 3, lines 13-26; page 
4, lines 4-11; and page 15, lines 6-15. Applicants' Specification also discloses agents as 
"particulate matter," describing in detail the characteristics of the agents encompassed by 
the term. See, e.g., Specification at page 15, lines 16-33. Such agents, being well-known 
and understood, do not require further elaboration. See Capon v. Eshhar, 418 F.3d 1349, 
1358 (Fed. Cir. 2005); described in more detail in the previous Office Action Reply at 
pages 13-14. Further, Applicants 1 Specification specifically describes the use of agents 
in the claimed methods and compositions. See, e.g., the Specification at pages 2-7, and 
page 14, line 33, to page 17, line 9. In view of the latter, there is a clear association of 
the claimed methods with the described agents: an agent as defined can be used to 
increase the expression of a therapeutic gene product by practicing the claimed methods 
and compositions. 

In view of the reasons set forth above, Applicants respectfully request that the 
Examiner reconsider and withdraw the written description rejection. 

//. Claim Rejections under 35 U.S.C. § 112, First Paragraph, Enablement 
Claims 1, 38-49, and 52-53 were stated as being rejected under 35 U.S.C. § 1 12, 
first paragraph, as allegedly failing to comply with the enablement requirement. 
Applicants note that claim 40 was recognized by the Examiner as being cancelled and 
that claim 54 depends from claim 1 and is presumably rejected as well. As such, 
Applicants' Reply assumes that the claims at issue are claims 1, 38-39, 41-49, and 52-54. 
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Applicants respectfully request clarification if this assumption is incorrect. Applicants 

respectfully traverse the rejection. 

In the Office Action at page 5, concerning claims 1, 38-39, 41-46, and 52-53 and 

presumably claim 54, the Examiner recognizes enablement for "a method for increasing 

the level of a therapeutic gene product in the liver of a subject" by a method comprising 

administering "a first adenoviral vector comprising a heterologous transgene encoding" a 

"therapeutic transgene product, operably linked to expression control elements for 

expression in hepatocytes" and an agent in the form of a second adenoviral vector not 

comprising the transgene that is administered prior to or concurrently with the first 

adenoviral vector, with the second adenoviral vector administered "intravenously, 

intraperitoneally, or directly to the liver." Id. The Examiner recognizes that any route of 

administration of adenoviral vector expressing a therapeutic gene product is enabled. Id. 

at page 6. The Examiner also recognizes enablement when the agent is "a liposome 

encapsulated cytotoxic agent" and is administered under the same conditions that the 

Examiner recognizes as enabling when the agent is a second adenoviral vector. Id. at 

pages 5-6. The Examiner further recognizes enablement for "a pharmaceutical 

composition comprising an adenovirus encoding a therapeutic gene product encoding a 

therapeutic transgene operably linked to expression control elements for expression in 

liver cells, a second adenovirus not encoding such transgene, and a pharmaceutically- 

acceptable carrier." Id. at page 6. Presumably the Examiner also recognizes enablement 

for an identical pharmaceutical composition when the agent is "a liposome encapsulated 

cytotoxic agent." 
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The Examiner alleges lack of enablement for: 

(a) uptake by Kupffer cells of viral agents other than adenoviral agents [Office 
Action at page 9 in view of recognized enablement at page 5], 

(b) use of any viral vector to transform liver cells other than an adenoviral vector 
[Office Action at page 6 in view of recognized enablement at page 5], 

(c) increasing the expression of the therapeutic product in any tissue other than 
liver [Office Action at page 6], 

(d) use of any non- viral agent other than known liposomally-encapsulated 
cytotoxic agents [Office Action at page 6 in view of recognized enablement at page 5 
and comments at pages 7]. 

(e) using any route for administering an agent other than intravenous 
administration, intraperitoneal administration, or direct administration to the liver [Office 
Action at page 6 in view of recognized enablement at page 5], and 

(f) reducing toxicity associated with expression of a transgene-encoded gene 
product [Office Action at page 12]. 

The Examiner at page 6 of the Office Action also alleges non-enablement for 
"any viral vector for modulating Kupffer cell function." Since the prior claims were 
directed to reduction of Kupffer cell uptake and the Examiner's comments are based on 
the latter, Applicants address the rejection under (a). Id. Similarly, the Examiner asserts 
"administration of any viral nucleic acid" as an alleged basis for non-enablement at page 
6 of the Office Action; Applicants understand the latter to correspond to the rejections 
addressed in (a)-(c). 
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(a) Uptake by Kupffer cells of any viral vector other than adenoviral vector 

The Examiner asserts that uptake of any virus other than adenovirus is allegedly 
not enabled due to lack of a "well-recognized genera of viral vectors that. . .exhibit 
'uptake 1 by Kupffer cells." Office Action at page 9, second paragraph. The Examiner 
also alleges that it would require undue experimentation to determine viruses beyond 
adenoviruses that would be taken up by Kupffer cells. Id. Applicants respectfully 
traverse the rejection. 

While the claims as amended only require that the 'agent 1 reduce Kupffer cell 
function, thereby leading to increased levels of a therapeutic gene product encoded by a 
viral vector, Applicants assert that one of ordinary skill would understand that numerous 
viruses are capable of being taken up by Kupffer cells and that Kupffer cells were 
recognized to possess a generic capacity to uptake viruses and nucleic acid. For 
example, Laurent et ah show that a 35 S-labeled plasmid DNA molecule associated with 
poly-L-lysine or poly-D-lysine is predominantly taken up by Kupffer cells following 
intravenous injection. FEES Letters 443: 61-65, 63-64 and Fig. 6 (1999), attached 
herewith as exhibit A. As noted in the previous Reply, Kupffer cells were also known to 
uptake Dengue virus (a flavivirus). Marianneau et ah, J. Virol. 75(6): 5201-5206 (1999); 
previous Reply at page 23. As shown by Rubin et ah, Kupffer cells were known to 
uptake reoviruses as well frog virus 3 (a ranavirus of the iridoviridae family). J. Virol. 
(57(10): 3222-3226 (1987), attached herewith as exhibit B. Further, Rubin et ah showed 
that reduction of Kupffer cell function by agents such as silica dioxide and carrageenan 
reduces the ability of Kupffer cells to uptake virus. Id. at page 3223, Results section 
"Agents that affect macrophages influence virus transport." Experiments performed by 
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Selgrade and Osborn indicated that murine cytomegalovirus (MCMV), a member of the 
herpes virus family, is taken up by liver macrophages of the reticuloendothelial system. 
Infection and Immunity 10(6): 1383-1390 (1974), attached herewith as exhibit C; see 
Fahimi, J. of Cell Biol 47:241-263 (1970), submitted with the previous Reply, 
describing hepatic reticuloendothelial cells as Kupffer cells. Selgrade and Osborn 
showed that reduction of macrophage function by silica (known be selectively toxic to 
macrophages, including Kupffer cells) resulted in 4 to 20-fold higher levels of virus in 
liver extracts compared to the liver extracts of mice not receiving silica. Id. at 1385- 
1386, "Effects of silica treatment o[n] MCMV infection." Brunner et al demonstrated 
that Kupffer cells phagocytize viruses such as vesicular stomatitis virus (a rhabdovirus) 
and Newcastle disease virus (a paramyxovirus) and noted that intravenous injection of 
tobacco mosaic virus (a tobamo virus) was known to lead to concentration of the virus in 
Kupffer cells. J. Immunol 85: 99-105 (1960), attached herewith as exhibit D (further 
noting that "[i]n view of their size and colloidal characteristics, virus particles might be 
expected to be efficiently cleared from the blood by the liver Kupffer cells." Id. at 99, 
first column, last paragraph). Brunner et al showed that reduction of Kupffer cell 
function using thorium dioxide, known to block phagocytic function, prevented Kupffer 
cell uptake of Newcastle disease virus. Id. at page 102, second column, second sentence, 
and page 104, first column, 3rd sentence from bottom. Additionally, van Til et al, 
using Applicants' claimed methods, have examined Kupffer cell uptake of lentivirus. 
Molecular Therapy 11(1): 26-34 (2005), attached herewith as exhibit E. van Til et al 
showed that reduction of Kupffer cell function by gandolinium chloride blocked 
phagocytic uptake of lentiviral vector by Kupffer cells as a result of reduced Kupffer cell 
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levels. Id. at page 29, first column, first paragraph. Reduced Kupffer cell function in the 
latter experiment resulted in increased expression of transgene from the administered 
lentiviral vector, as taught by Applicants. Id. The preceding shows that Kupffer cells 
uptake a diverse array of viruses, including dsRNA viruses, (+) sense RNA viruses, (-) 
sense RNA viruses, dsDNA viruses, and retroviruses. See the NCBI Taxonomy Browser 
for Viruses at ht1p://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?name=Viruses, 
last accessed July 30, 2006 for preceding classifications. Furthermore, the preceding 
shows that reduction of Kupffer cell function can reduce uptake of a diverse array of 
viruses. Given the latter, it was recognized that Kupffer cells possess a generic capacity 
for uptake of viruses and that reduction of Kupffer cell function reduces the latter 
capacity. 

"The test for enablement is whether one reasonably skilled in the art could make 
or use the invention from the disclosures in the patent coupled with information known 
in the art without undue experimentation." United States v. Techtronics, Inc., 857 F.2d 
778, 785, 8 USPQ2d 1217, 1223 (Fed. Cir. 1988). Based on knowledge in the art 
regarding the uptake capacity of Kupffer cells and based on knowledge that Kupffer cells 
were known to uptake a wide range of viruses, there is no indication that Kupffer cells 
are limited in the types of viruses capable of being taken up. See, e.g., Specification at 
page 15, lines 6-22; Fahimi, H.D, J. Cell Biol. 47(1): 247-262, 242 (1970); Marianneau 
et aL, J. Virol. 73(6): 5201-5206 (1999)(describing phagocytic and endocytic uptake as 
noted in the previous Reply at page 23); and references cited above. Further, Applicants' 
Specification clearly teaches how to make and use the claimed subject matter comprising 
viral vector agents, allowing one of ordinary skill in the art to practice the claimed 



Atty. Dkt. No. 21 59.083000 1/EJH/S AS 



- 19 - Barsoum et al 

Appl. No. 10/618,299 

methods using a viral vector agent and thereby achieving increased levels of a 

therapeutic product. As such, Applicants claims are enabled as to viral vectors and viral 

vector agents. 

Moreover, it would be apparent to one of ordinary skill in the art that increased 
levels of therapeutic product can be obtained by practicing Applicants' claimed methods 
regardless of whether an administered viral vector agent comprises a therapeutic 
transgene. As such, Applicants have amended claims 1, 34, 36, and 52 to encompass 
administration of viral vector agents encoding a therapeutic transgene except under 
circumstances where the agent is administered concurrently with a viral vector encoding 
a therapeutic transgene. For concurrent administration, Applicants' claims recite the 
limitation that the agent is not identical to the viral vector comprising a therapeutic 
transgene. 

(b) Use of any viral vector to transform liver cells other than adenoviral 

vector 

The Examiner alleges non-enablement for the transformation of liver cells by 
non-adenoviral vectors. Office Action at page 6 in view of recognized enablement at 
page 5. Applicants respectfully traverse the rejection. 

Applicants note that the claims are directed, inter alia, to "increasing the level of 
a therapeutic gene product in a subject." The claims are not limited to transformation of 
liver cells, nor do the claims require that liver cells be transformed for transformation to 
be increased in another tissue. Despite transformation of liver cells not being required, 
Applicants note that the references above demonstrate myriad viruses which are capable 
of transforming liver cells. For example, Marianneau et ah noted that Dengue viral 
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antigens can be detected in hepatocytes. J. Virol 73(6): 5201-5206, 5201, first 

paragraph (1999). As noted in Selgrade and Osborn, mice receiving silica to lower 

Kupffer cell levels demonstrated a 4 to 20-fold higher titer of the herpes virus family 

member murine cytomegalovirus in liver extracts. Infection and Immunity 10(6): 1383- 

1390, 1386, first column (1974). Additionally, using Applicants 1 claimed methods, van 

Til et aL showed that lenti viral vectors transform hepatocytes. Molecular Therapy 1 1(1): 

26-34, 3 1-32 (2005). Further, it was well-recognized in the art at the time of Applicants' 

filing date that vectors could be targeted to specific organs and that therapeutic 

transgenes could be selectively expressed in particular tissues utilizing methods of 

targeted delivery and targeted expression available to one of ordinary skill in the art. 

See, e.g., Dachs et aL, Oncology Research 9:313-325 (1997), attached herewith as 

exhibit F. Thus, while the claims are not limited as such, based on the knowledge that 

transgenes or viral proteins encoded by non-adeno viral vectors can be expressed in liver 

cells and based on available methods of targeted delivery and expression, one of ordinary 

skill in the art would be able to utilize Applicants' claimed methods for increasing 

expression of therapeutic products in liver cells using non-adenoviral vectors. 

(c) Increasing the expression of the therapeutic product in any tissue other 

than liver 

The Examiner alleges non-enablement for transformation and increased 
expression in any tissue other than liver. Office Action at pages 6-8 in view of 
recognized enablement at page 5. In particular, the Examiner asserts that macrophages 
in other tissues would allegedly "be reasonably predicted to act to sequester adenoviral 
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vectors" "regardless of whether the Kupffer cells are depleted or inactivated." Office 

Action at page 8. Applicants respectfully traverse the rejection. 

In terms of adenoviral vectors, it was known that despite uptake of adenoviral 

vectors by liver tissue, expression could be achieved in other tissues by increasing the 

dose of administered vector. See, van Beusechem et ah, Gene Therapy 7: 1940-1946, 

1946 (2000), attached herewith as exhibit G, noting that: 

In vivo delivery of adenoviral vectors yields efficient transduction of cells 
that may not be a target for the therapy, most notably liver cells. Because 
of this vector sequestration by non-target cells, high vector doses are 
needed for effective gene delivery into target cells. 

Id. at 1940, first paragraph. Based on the latter, one of ordinary skill in the art would 
understand that even though a vector dose may pass through the liver and may transduce 
hepatocytes, adjusting the size of the vector dose allows transduction of other tissues. It 
would be apparent that an increase in the total amount of available vector would allow 
for delivery to target cells based on knowledge in the art that increased dosages allow for 
viral vectors to bypass the liver and to be delivered to non-liver target tissues, van 
Beusechem et ah at page 1940. Similarly, following reduction of Kupffer cell function 
by an agent, one of skill would understand that, if necessary, the dose of adenoviral 
vector could be modified to achieve effective delivery and expression in other tissues 
regardless of whether or not macrophages are present in those tissues. See, Specification 
at page 16, line 25 to page 17, line 3; page 21, lines 26-35; and Examples. Even if 
macrophages were present in a non-liver target tissue, the macrophage population would 
be more limited in its uptake capacity as compared with Kupffer cells, the latter being 
"the largest group of fixed macrophages in mammalian organism[s]." Fahimi, H.D., J. 
Cell Biol. 47(1): 247-262, 242 (1970). As such, following reduction of Kupffer cell 
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function by an agent, it would be routine for one of ordinary skill to modify the dose of 
administered vector encoding the therapeutic transgene to allow for effective delivery to 
non-liver target tissues. Further, one of skill would understand that the therapeutic 
nucleic acid could be operably linked to a tissue-specific, cell-specific, or condition- 
specific promoter to allow for expression in a target tissue such that an increase in 
available vector would lead to a concomitant increase in expression. Dachs et al. 9 
Oncology Research 9:313-325 (1997). 

Similarly, one of ordinary skill in the art would be able to practice Applicants' 
invention with only routine experimentation by selecting among non-adenoviral vectors 
for transformation and expression in a desired target tissue. By reducing Kupffer cell 
function, non-adenoviral vectors that would otherwise be taken up by Kupffer cells 
would be available in increased numbers for delivery to and expression in target tissues. 
Because Applicants' claims do not require transformation of liver cells, and because it 
was understood that viral vector passing through the liver could be effectively targeted to 
other tissues by adjusting dosage, it would be understood that a non-adenoviral vector 
could be targeted or delivered to non-liver tissues and that adjusted availability of vector 
would lead to increased expression as described above. Similarly, one of ordinary skill 
could also modify the amounts of vector reaching non-liver tissues by utilizing 
methodologies known in the art for targeting delivery and expression of viral vectors. 
Dachs et al, Oncology Research 9:313-325 (1997). As such, it would be apparent to one 
of ordinary skill, based on Applicants' teachings, that reduction of Kupffer cell function 
by an agent would allow for increased expression of a therapeutic gene product from a 
non-adenoviral vector in non-liver tissues. 
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(d) Use of any non-viral agent other than known liposomally-encapsulated 

cytotoxic agents 

The Examiner asserts that "liposome-encapsulated cytotoxic agents" are enabled 
but only those known in the art and only those that are liposomally-encapsulated. Office 
Action at page 7. See, e.g., Specification at page 15, lines 6-22. Applicants respectfully 
assert that the Examiner's restriction of enablement to known liposomally-encapsulated 
cytotoxic compounds for reduction of Kupffer cell function is overly narrow. 

Applicants note that Lieber et ah, J. Virol. 71(11): 8798-8807, 8804 (1997) 
shows that use of gadolinium chloride selectively eliminates Kupffer cells. The latter 
compound is not liposomally-encapsulated. Similarly, Kolb-Bachofen describes the use 
of silica particles to reduce Kupffer cell levels. J. Clin. Invest., 90: 1819-1824(1992), 
attached herewith as exhibit H; see also, Selgrade and Osborn, Infection and Immunity 
10(6): 1383-1390 (1974). Rubin et ah further describes that carrageenan can decrease 
the ability of Kupffer cells to uptake particulate substances. J. Virol. (57(10): 3222-3226, 
3223 (second paragraph of the Results section)(1987). Brunner et ah describes the use 
of thorium dioxide to block phagocytosis by Kupffer cells. J. Immunol. 85: 99-105, 
10154 (1960). Zenilman, et ah also describe use of the ricin A-chain to lower Kupffer 
cell levels. J. Surg. Res. 45: 82-89 (1988), attached herewith as exhibit I. It was also 
known that glycine and methyl palmitate suppress Kupffer cell function. See Cai et ah, 
Toxicology 210: 197-204, 198(first paragraph), 201 (first paragraph of discussion)(2005), 
attached herewith as exhibit J; Rentsch et ah, Transplant International 18: 1079-1089 
(2005), attached herewith as exhibit K; and references therein. As such, non-viral agents 



Atty. Dkt. No. 2159.0830001/EJH/SAS 



- 24 - Barsoum et al 

Appl. No. 10/618,299 

known to reduce Kupffer cell function include agents that are not liposomally 

encapsulated. 

Applicants further assert that it would be routine for one of skill in the art to 
determine substances capable of reducing Kupffer cell function, such that the Examiner's 
limitation to known substances unduly restricts the scope of Applicants' claimed 
invention. For example, one of ordinary skill in the art would be able to utilize 
techniques described in the above-noted references as well as generally practiced in vitro 
and in vivo studies as known in the art to determine the effect of a compound on Kupffer 
cell function without undue experimentation. Using the latter techniques, one of 
ordinary skill in the art could readily determine the effects of a particular substance on 
Kupffer cell function. Moreover, one of ordinary skill would comprehend that any 
newly discovered substance shown to reduce Kupffer cell function could be utilized 
within Applicants' methodology to achieve the claimed effect. 

Regarding alleged non-enablement of particulate matter agents other than 
adenoviral vector, Applicants note that a variety of non- vector agents have been shown 
to reduce Kupffer cell function, including silica and carragenan. Further, non-adenoviral 
vectors were known to be taken up by Kupffer cells as described above. In view of 
Applicants' teachings that administration of a viral vector agent reduces Kupffer cell 
function and that a particulate matter agent can be about the same diameter as the viral 
vector encoding the therapeutic product, one of ordinary skill in the art would understand 
that particulate matter agents other than adenovirus can be utilized within Applicants' 
claimed methods to increase the expression of a therapeutic product by reducing Kupffer 



Atty. Dkt. No. 2159.0830001/EJH/SAS 



- 25 - Barsoum et ah 

Appl. No. 10/618,299 

cell function. See Specification, e.g. Examples 1, 3 and 5; page 4, lines 11-18; and page 
15, lines 16-33. 

(e) Using any route for administering an agent other than intravenous 
administration, intraperitoneal administration, or direct administration to the liver 

The Examiner recognizes that Applicants' claims are enabled for any route of 
administration of an adenoviral vector comprising a therapeutic nucleic acid. Office 
Action at page 10. However, the Examiner asserts that the claims allegedly lack 
enablement for administration of an agent by any route other than intraperitoneal, 
intravenous, or direct administration to the liver. Office Action at pages 10-11. Purely 
in the interests of furthering prosecution and not as an admission that the Examiner's 
assertions are correct, Applicants have amended the claims to recite administration of an 
agent by a route selected from the group consisting of direct administration to the liver, 
intravenous administration, or intraperitoneal administration. 

(f) Reducing toxicity associated with expression of a transgene-encoded gene 
product 

The Examiner maintains the enablement rejection of claims 47-49 in the present 
Office Action. Purely in the interests of furthering prosecution and not as an admission 
that the Examiner's assertions are correct, Applicants have canceled claims 47-49, 
reserving the right to pursue the subject matter of these claims in related applications. 

In view of the reasons set forth above, Applicants respectfully request that the 
Examiner reconsider and withdraw the enablement rejection. 
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///. Claim Rejections under 35 U.S.C. § 103 

Claims 37, 39, 41-42, and 44-46 were rejected under 35 U.S.C. § 103(a) as 
allegedly being unpatentable over U.S. Patent No. 6,025,195 (Sandig et al) and Wolff 
al, J. Virol 77(1): 624-629 (1997). Applicants respectfully traverse the rejection. 

To establish a prima facie case of obviousness under 35 U.S.C. § 103, an 
Examiner must demonstrate that: (1) an Applicant's claimed invention could have been 
attained by either a modification of the primary reference or a combination of references 
based on some motivation or suggestion in the prior art, (2) there would be a reasonable 
expectation of success associated with the motivation or suggestion, and (3) the 
reference(s) teach all the claim limitations. See M.P.E.P. § 2142, citing In re Vaeck, 947 
F.2d488, 20USPQ2d 1438 (Fed. Cir. 1991). 

Purely in the interests of furthering prosecution and not as an admission that the 
Examiner's assertions are correct, Applicants have amended claim 37 to state that the 
particulate agent is administered "less than 2 days prior to" administration of a viral 
vector comprising a therapeutic nucleic acid encoding a therapeutic gene product. 
Sandig et al. discusses adenoviral vectors for liver-specific gene therapy. Id. As noted 
by the Examiner, Sandig et al. does not teach the administration of an agent to decrease 
the uptake of a viral vector comprising a therapeutic nucleic acid such that expression of 
a therapeutic product is increased. Office Action at page 15. Wolff et al. discusses 
administration of liposomal clodronate two days prior to administration of an adenoviral 
vector in order to deplete Kupffer cells. Id. at page 624, "In vivo studies." As 
recognized by the Examiner, Wolff et al. does not teach the administration of a 
particulate agent less than 2 days prior to administration of a viral vector comprising a 
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therapeutic nucleic acid encoding a therapeutic gene product. Office Action at pages 15- 
16, bridging paragraph. As such, Wolff al. in combination with Sandig et al. fails to 
teach each and every limitation of Applicants' claims and thus can not serve to establish a 
prima facie case of obviousness under 35 U.S.C. § 103. 

In view of the reasons set forth above, Applicants respectfully request that the 
Examiner reconsider and withdraw the obviousness rejection. 
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Conclusion 



All of the stated grounds of objection and rejection have been properly traversed, 
accommodated, or rendered moot. Applicants therefore respectfully request that the 
Examiner reconsider all presently outstanding objections and rejections and that they be 
withdrawn. Applicants believe that a full and complete reply has been made to the 
outstanding Office Action and, as such, the present application is in condition for 
allowance. If the Examiner believes, for any reason, that personal communication will 
expedite prosecution of this application, the Examiner is invited to telephone the 
undersigned at the number provided. 

Prompt and favorable consideration of this Amendment and Reply is respectfully 



requested. 



Respectfully submitted, 




1 100 New York Avenue, N.W. 
Washington, D.C. 20005-3934 
(202)371-2600 
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Abstract Efficiency of transfection is probably dependent on 
the rate of intracellular degradation of plasmid DNA. When a 
non-viral vector is used, it is not known to what extent the 
plasmid DNA catabolism is subordinated to the catabolism of the 
vector. In the work reported here, the problem was approached 
by following the intracellular fate in rat liver, of plasmid 
| 35 S]DNA complexed with a cationic peptide poly-L-lysine that 
can be hydrolyzed by cellular peptidases or with its stereoisomer, 
poly-D-lysine, that cannot be split by these enzymes. Complexes 
of DNA with poly-L-lysine and poly-D-lysine are taken up to the 
same extent by the liver, mainly by Kupffer cells, but the 
intracellular degradation of nucleic acid molecules is markedly 
quicker when poly-L-lysine is injected. The association of DNA 
with the polycations inhibits DNA hydrolysis in vitro by purified 
lysosomes but similarly for poly-L-lysine and poly-D-lysine. The 
intracellular journey followed by [ 35 S]DNA complexed with 
poly-L- or poly-D-lysine was investigated using differential and 
isopycnic centrifugation. Results indicate that [ 35 S]DNA is 
transferred more slowly to lysosomes, the main site of 
intracellular degradation of endocytosed macromolecules, when 
it is given as a complex with poly-D-lysine than with poly-L- 
lysine. They suggest that the digestion of the vector in a 
prelysosomal compartment is required to allow endocytosed 
plasmid DNA to rapidly reach lysosomes. Such a phenomenon 
could explain why injected plasmid DNA is more stable in vivo 
when it is associated with poly-D-lysine. 

© 1999 Federation of European Biochemical Societies. 

Key words: Lysosome; Cationic peptide; Transfection; 
Non-viral vector 



1. Introduction 

Efficiency of transfection is probably dependent on the rate 
of intracellular degradation of plasmid DNA. When nucleic 
acid molecules are complexed with a vector such as a cationic 
peptide (polylysine, polyarginine) or a cationic lipid, they are 
taken up by endocytosis [1] and therefore are mostly degraded 
in lysosomes, the main site of endocytosed macromolecule 
hydrolysis [2]. Two factors will chiefly influence the rate of 
plasmid DNA degradation: the rate with which nucleic acid 
molecules are delivered to lysosomes after having been picked 
up by the cells and the susceptibility of these molecules to 
lysosomal nucleases. Cationic compounds could affect these 
factors by making nucleic acids more resistant to nucleases, 
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as has been shown in vitro [3], and by delaying their transfer 
to lysosomes [4,5]. How the type of cationic compound influ- 
ences the intracellular degradation of plasmid DNA is poorly 
documented. Particularly, it is not known to what extent the 
plasmid DNA catabolism is dependent on the catabolism of 
the vector when a non-viral vector is used. The problem was 
approached in the work presented here, by following the in- 
tracellular fate in rat liver of plasmid [ 35 S]DNA complexed 
with a cationic peptide poly-L-lysine that can be hydrolyzed 
by cellular peptidases, or with its stereoisomer poly-D-lysine 
that cannot been split by these enzymes. Our results show that 
in vivo, the rate of DNA degradation is markedly lower when 
the plasmid was complexed with poly-D-lysine than when it 
was associated with poly-L-lysine. Analysis of intracellular 
distribution of radioactivity by centrifugation indicates that 
DNA is transferred more slowly to lysosomes when it is given 
as a complex with poly-D-lysine than with poly-L-lysine. Such 
a phenomenon could explain why plasmid DNA is more sta- 
ble in vivo when it is associated with poly-D-lysine. 



2. Materials and methods 

Experiments were performed with male Wistar rats weighing 300- 
350 g. Labeled DNA was obtained by nick translation of pGL3 con- 
trol vector (Promega, Madison, USA) with [ 35 S]dATP. Labeling was 
performed with a kit from Amersham (Buckinghamshire, UK), ac- 
cording to the protocol provided by the manufacturer, except that a 
10-fold excess of template was used and that the reaction was supple- 
mented with 10 units of DNA polymerase I (Boehringer, Mannheim, 
Germany). Such a procedure makes it possible to obtain a labeled full 
length DNA as shown by agarose gel electrophoresis. For injection, 
1 ug of [ 35 S]DNA was mixed with 5 ug of poly-L- or poly-D-lysine 
(75-150 kDa, Sigma) in a volume of 25 ul; after 10 min, 0.6 ml of 0.15 
M NaCl was added. We found that the sedimentation profile after 
centrifugation in 0.15 M NaCl is the same for the two complexes 
obtained in these conditions. We also checked that complexes with 
poly-L-lysine are totally dissociated after treatment with trypsin 
whereas complexes with poly-D-lysine are stable in the presence of 
the proteolytic enzyme. 

Rats were injected intravenously and killed at various times after 
injection. The liver was perfused with cold 0.15 M NaCl, removed and 
homogenized in ice-cold 0.25 M sucrose. The homogenate was frac- 
tionated by differential centrifugation as described by de Duve et al. 
[6], giving a nuclear fraction N, a heavy mitochondrial fraction M, a 
light mitochondrial fraction L, a microsomal fraction P and a soluble 
fraction S. Isopycnic centrifugation of the total mitochondrial fraction 
(M+L) was performed according to Beaufay et al. [7], at 240000 Xg in 
a VTI65 Beckman rotor for 180 min. The sucrose gradient extended 
from 1.09 to 1.35 g/ml. Arylsulfatase was measured by the method of 
Bowers et al. [8] and proteins according to Lowry et al. [9]. Degra- 
dation of [ 35 S]DNA after its uptake was assessed by measuring the 
acid-soluble radioactivity in 5% perchloric acid. Purification of rat 
liver lysosomes was achieved by the method of Wattiaux et al. [10]. 
Separation of liver cells (hepatocytes, endothelial cells and Kupffer 
cells) was performed by the method of Seglen [1 1]. 
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Fig. 1. Uptake of [ 35 S]DNA by rat liver. Radioactivity was meas- 
ured in homogenates of rat liver at increasing times after injection 
of [ 35 S]DNA associated with poly-L-lysine (open circle) or poIy-D-ly- 
sine (closed circle). A: Total radioactivity. The values are given as 
percentages of the injected dose/g liver. B: Acid-soluble radioactiv- 
ity. The values are given as percentages of the total radioactivity. 
Means of at least three animals with S.D. are presented. 



3. Results 

3.1. Uptake of [ 35 S]DNA by rat liver 

As illustrated in Fig. 1 A, the complexes of DNA with poly- 
L-lysine and poly-D-lysine are taken up by the liver to the 
same extent, the maximal amount being reached after 30-60 
min. Radioactivity originating from poly-D-lysine remains 
constant and mostly acid-precipitable (Fig. IB) for many 
hours. In contrast, 60 min after poly-L-lysine injection, the 
liver radioactivity decreases and becomes more and more 
acid-soluble. Thus, apparently, the rate of plasmid DNA deg- 
radation is higher when the nucleic acid molecules are taken 
up as a complex with poly-L-lysine than when they are asso- 
ciated with poly-D-lysine. 

3.2. Degradation of f 35 SJDNA by purified lysosomes 

The main intracellular destination of an endocytosed mac- 
romolecule is the lysosomes where these compounds are sub- 
jected to degradation by hydrolases present in these organelles 




10 15 
Time (hours) 

Fig. 2. Degradation of { 35 S]DNA by purified lysosomes. 1 (ig of 
( 35 S]DNA was incubated for increasing times at 37°C in a medium 
containing 0.05 M acetate buffer pH 5 and purified rat liver lyso- 
somes (25 ug protein), in a volume of 1 ml. The reaction was 
stopped by addition of the same volume of 10% perchloric acid. 
The precipitate was discarded by centrifugation and the radioactiv- 
ity measured in the supernatant. Acid-soluble radioactivity is given 
as a percentage of the total radioactivity present in the incubation 
medium. Open square: naked [ 35 S]DNA; open triangle: [ 35 S]DNA 
complexed with poly-L-lysine; closed triangle: [ 35 S]DNA complexed 
with poly-D-lysine. 



[2], We have measured the rate of hydrolysis by purified rat 
liver lysosomes of plasmid [ 35 S]DNA, naked or complexed 
with poly-L- or poly-D-lysine (Fig. 2). The association of 
DNA with the polypeptides inhibits DNA hydrolysis by lyso- 
somal nucleases but similarly for the two polymers. This in- 
dicates that the difference of DNA stability in vivo, depending 
on the fact that poly-L- or poly-D-lysine is used, probably does 
not originate from a difference of resistance to hydrolysis of 
the molecule by lysosomal nucleases. 

3.3. Intracellular journey of [ 35 S]DNA 

The intracellular journey followed by plasmid [ 35 S]DNA 
complexed with poly-L- or poly-D-lysine was investigated by 
centrifugation methods. First, liver homogenates from rats 
were analyzed by differential centrifugation according to de 
Duve et al. [6], the animals being killed 1, 4 or 14 h after 
injection. Results are presented in Fig. 3 according to the 
method of de Duve et al. [6], shaded areas indicate the pro- 
portion of acid-soluble radioactivity. One hour after poly-L- 
lysine injection, the largest part of radioactivity, mostly acid- 
precipitable, is recovered in the heavy mitochondrial fraction 
M. Later, the distribution profile of radioactivity becomes 
similar to that of lysosomal enzymes (exemplified by arylsul- 
fatase distribution) except that a relatively high amount of 
radioactivity (totally acid-soluble) is present in the unsedi- 
mentable S fraction. A significant proportion of radioactivity 
found in the mitochondrial fractions M and L is acid-soluble. 
One hour after poly-D-lysine injection, the radioactivity distri- 
bution does not differ from that observed after poly-L-lysine 
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Fig. 3. Distribution of radioactivity after differential centrifugation. 
The radioactivity distributions were obtained with livers of rats 
killed at increasing times after injection of [ 35 S]DNA associated 
with poly-L-lysine (A) or poly-D-lysine (B). Ordinate: relative specif- 
ic radioactivity of fractions (percentage of total recovered radioac- 
tivity/percentage of total recovered proteins); abscissa: relative pro- 
tein content of fractions (cumulatively from left to right). N, 
nuclear fraction; M, heavy mitochondrial fraction; L, light mito- 
chondrial fraction; P, microsomal fraction; S soluble fraction. 
Shaded areas represent the percentage of acid-soluble radioactivity 
found in the fractions. In broken line, a representative distribution 
of arylsulfatase. 
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Fig. 4. Density distribution histograms of radioactivity (continuous 
line) and arylsulfatase (broken line) after isopycnic centrifugation of 
a total mitochondrial fraction (M+L) in a sucrose gradient. The 
particle preparations were isolated at increasing times after injection 
of [ 35 S]DNA associated with poly-L-lysine (A) or poly-D-lysine (B). 
Centrifugations were performed at 240 000 Xg in a VTI 65 Beckman 
rotor for 180 min. The sucrose density gradient extended from 1.09 
to 1.30 g/cm 3 density. Ordinate: frequency Q/LQ.Ap where Q repre- 
sents the activity found in the fraction, ZQ the total activity recov- 
ered in the sum of the fractions and Ap the increment of density 
from top to bottom of the fraction. 



injection but remains unchanged even after 14 h; moreover, at 
any time, radioactivity is almost totally acid-precipitable. 

To more clearly characterize the radioactivity bearing struc- 
tures that are mainly present in the M and L fractions, gran- 
ule preparations corresponding to the sum of these fractions 
were analyzed by isopycnic centrifugation in a sucrose gra- 
dient. Results are given in Fig. 4. One hour after poly-L-lysine 
or poly-D-lysine injection, radioactivity is located in organelles 
the distribution of which exhibits only a limited overlap 
(shaded areas) with that of arylsulfatase, marker of lysosomes. 
These structures are mainly recovered in high density regions 
of the gradient. Four hours after injection of poly-L-lysine, the 
radioactivity distribution curve is shifted towards lower den- 
sity regions and markedly overlaps the distribution curve of 
the lysosomal enzyme; this phenomenon is still more evident 
after 14 h. When poly-D-lysine was injected, radioactivity re- 
mains located to a large extent in high density regions of the 
gradient, even after 14 h. 

3.4. Effect of Triton WR J 339 

Differential and isopycnic centrifugation results strongly 
suggest that the transfer of radioactivity to lysosomes is 
more rapid when [ 35 S]DNA is complexed with poly-L-lysine. 
An interesting method to assess the lysosomal location of a 
compound is to specifically change the density of lysosomes 
by injecting the animal with a substance that accumulates in 
these organelles because it cannot be digested by lysosomal 
hydrolases. As a result, the distribution profile of lysosomal 



enzyme in a density gradient is shifted towards lower or high- 
er densities [11]. If a substance (an endocytosed molecule for 
example), is associated with lysosomes, its distribution profile 
will be similarly affected [12]. Triton WR 1339, a non-ionic 
detergent of low density, is particularly suitable for this pur- 
pose: it is endocytosed by the liver and, being resistant to 
digestion by lysosomal hydrolases, it accumulates in these 
organelles and decreases their density [13]. Fig. 5 illustrates 
the effect of Triton WR 1339 treatment on the distribution of 
radioactivity at increasing times after poly-L-lysine or poly-D- 
lysine injection and on the distribution of arylsulfatase. As 
expected, lysosomal hydrolase distribution curve is strikingly 
shifted towards low density regions. One hour after injection 
of poly-L-lysine or poly-D-lysine, the major part of radioactiv- 
ity remains well separated from arylsulfatase, as is also seen in 
normal rats (see Fig. 4), and is slightly affected by Triton WR 
1339 treatment. Four hours after poly-L-lysine injection, a 
large proportion of radioactivity is recovered in low density 
zones like arylsulfatase and has been subjected to the same 
shift of distribution as the lysosomal enzyme by Triton WR 
1339. The distribution shift caused by Triton WR 1339 is less 
pronounced for radioactivity originating from poly-D-lysine 
indicating a slower transfer of labeled molecules to lysosomes. 

3.5. Distribution of [ 35 S]DNA in liver cells 

Three main cell types are present in the liver: hepatocytes, 
endothelial cells and Kupffer cells. We investigated whether 
the cellular location of plasmid DNA taken up by the liver 
depended on the cationic compound with which it was asso- 
ciated. As illustrated in Fig. 6, most of the radioactivity found 
in the liver 1 h after poly-L-lysine or poly-D-lysine injection is 
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Fig. 5. Density distribution histograms of radioactivity (continuous 
line) and arylsulfatase (broken line) after isopycnic centrifugation of 
a total mitochondrial fraction (M+L) in a sucrose gradient. Effect 
of Triton WR 1339. Experiments were performed as described in 
the legend of Fig. 4 with rats intravenously injected with Triton 
WR 1339 (170 mg in 1 cm 3 of saline) 4 days before injection of 
[ 35 S]DNA associated with poly-L-lysine (A) or poly-D-lysine (B). 
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Fig. 6. Distribution of radioactivity in rat liver cells. The radioactiv- 
ity distributions were obtained with livers of rats killed 1 h after in- 
jection of pSJDNA associated with poly-L-lysine (open bar) or 
poly-D-lysine (closed bar). Values are given as percentages of total 
liver radioactivity. Means of at least three animals with S.D. are 
presented. PC, parenchymal cells; EC, endothelial cells; KC, 
KupfTer cells. 

located in non-parenchymal cells, to a large extent in KupfTer 
cells. No significant differences were observed between the two 
complexes. Hence, the differences we observed between the 
fates of poly-L-lysine and poly-D-lysine do not arise from a 
difference of cellular location in the liver. 

4. Discussion 

Our results show that the intracellular degradation of a 
plasmid DNA injected as a complex with a cationic vector 
poly-L-lysine or poly-D-lysine is markedly more rapid when 
the vector is poly-L-lysine. The two polycations have the 
same molecular weight and the same charge. They give rise 
to complexes with plasmid DNA exhibiting the same size, as 
shown by their sedimentation properties in a centrifugal field, 
that are taken up to the same extent by sinusoidal cells of the 
liver. In fact, the main and probably the only difference be- 
tween the two molecules that we have to consider here is that 
poly-L-lysine is metabolizable while poly-D-lysine is not. How 
such a difference can influence the intracellular degradation of 
plasmid DNA was investigated here. 

The lysosomes are the main site of hydrolysis of plasmid 
DNA when it is endocytosed as a complex with a cationic 
vector. As has been shown previously, cationic lipids delay 
the transfer of plasmid DNA to lysosomes [4,5]. The same 
is true for polylysine. Indeed, according to our centrifugation 
results, 1 h after injection of the labeled complexes, most of 
the radioactivity originating from poly-L-lysine or poly-D-ly- 
sine is located in non-lysosomal structures and is acid-precip- 
itable, whereas at this time it is already present in lysosomes 
when naked [ 35 S]DNA was injected [4]. However, later it is 
clear that transfer to lysosomes takes place but at a rate that 
is lower when the polycation is poly-D-lysine. Four hours after 
poly-L-lysine injection, most of the radioactivity recovered in 
the mitochondrial fractions is distributed like lysosomes in 
differential and isopycnic centrifugation. Moreover, the fact 
that a large amount of radioactivity is present in the non- 
sedimentable fraction of the homogenate and is acid-soluble 
indicates that part of the plasmid DNA has already been 
hydrolyzed, probably by lysosomal nucleases, the digestion 



products having diffused in the cytosol. Radioactivity distri- 
butions observed after poly-D-lysine injection indicate that a 
longer time is required to clearly identify the association of a 
significant proportion of the radioactivity with lysosomes. 
One can roughly estimate the percentage of radioactivity 
present in lysosomes by measuring its distribution area that 
overlaps the distribution curve of arylsulfatase. Such calcula- 
tions show that 4 h after injection of the complexes 70-80% of 
radioactivity sedimenting in the mitochondrial fractions are 
located in lysosomes when the vector is poly-L-lysine and 
about 45% when the vector is poly-D-lysine. It is to be noted 
that results are the same whether the rats are injected with 
Triton WR 1339 or not. 

To explain why cationic lipids delay the transfer of plasmid 
DNA to lysosomes, we have proposed that, due to their size, 
DNA-cationic lipid complexes are taken up mostly by a proc- 
ess similar to phagocytosis [5] and that degradation of the 
complexes would be required to allow phagosomes to hand 
over their content to lysosomes [5], the delivery of phagocytic 
particles to lysosomes depending on their size [14]. The same 
hypothesis can be proposed to explain that polylysine delays 
the transfer of DNA to lysosomes. 

Why is there a difference between poly-L- and poly-D-ly- 
sine? We think that it is because poly-L-lysine is degradable 
and poly-D-lysine is not. The presence of cathepsins in endo- 
somes and the possible fusion of these organelles with phago- 
somes have been described [15-17]. Therefore, after internal- 
ization, DNA-poIylysine complexes can be exposed to the 
peptidolytic action of these enzymes which are efficient on 
poly-L-lysine but not on poly-D-lysine. Hydrolysis of poly-L- 
lysine would dissociate the complexes, reducing their size and 
even releasing free DNA inside a prelysosomal compartment. 
As a result the transfer of nucleic acid molecules to lysosomes 
would take place but with a certain delay. Another conse- 
quence of poly-L-lysine hydrolysis in a prelysosomal compart- 
ment is that plasmid DNA released from the complex would 
be more easily digested by nucleases when it arrives in lyso- 
somes. Such a process would not be possible with poIy-D- 
lysine, which cannot be split by cathepsins. 
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We have previously demonstrated that mammalian reovirus type 1 enters the bile and gut lumen after 
systemic administration. In the present study, we showed that Kupffer cell uptake is essential for the transport 
of reovirus into the bile. Furthermore, class II major histocompatibility antigen (I-A)-bearing cells are a major 
determinant for the transit of reovirus from the hepatic environment, as well as from the intestine, during the 
course of systemic infection. These findings may provide an approach to the control of viral pathogens that 
cause systemic disease by selective utilization or modification of I-A-bearing ceils. 



We have used a reovirus model to gain an understanding 
of how viruses that produce systemic disease reenter the 
intestinal lumen for subsequent transmission. Previous in* 
vestigations with reovirus type 1 strain Lang (type 1/L) have 
demonstrated that infectious virions are actively secreted or 
transported into both the lumen of the intestine and the 
biliary tract (20). Reovirus type 1/L can be recovered from 
bile within 30 min after the development of viremia and after 
reaching a plateau level at 3 h remains at a constant level in 
the bile until h 26 (20). However, the cellular pathway for the 
entry of virus into bile has not been elucidated. 

Several previous studies have demonstrated that patho- 
genic organisms and particulate antigens are rapidly re- 
moved from the blood by tissue-fixed macrophages. Frog 
virus 3 and reovirus type 3 are both known to specifically 
infect tissue-fixed macrophages (Kupffer cells) in the liver (4, 
14, 15). In addition, the Kupffer cell selectively transports 
immunoglobulin A (IgA) molecules from systemic circula- 
tion and presents them to hepatocytes for rapid secretion 
into the bile (12, 18). We postulate that reovirus type 1/L 
may be transported in a manner similar to that of IgA. This 
transport mechanism might further preserve reovirus integ- 
rity, as measured by infectivity. The studies described here 
were aimed at further clarification of the mechanisms in- 
volved in passage of reovirus type 1/L from the blood into 
the bile. 



MATERIALS AND METHODS 

Mice. Adult female A/J mice (Jackson Laboratory, Bar 
Harbor, Maine), 8 to 12 weeks old, were fed a house diet ad 
libitum (Purina, St. Louis, Mo.). There was no evidence of a 
systemic humoral immune response to reovirus by enzyme- 
linked immunosorbent assay in any mouse used for these 
experiments (22). 

Virus. Reovirus type 1/L and reassortant clone 31 were a 
generous gift from B. N. Fields, Harvard Medical School, 
Boston, Mass. The characteristics of reovirus type 1 have 
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been previously described (3). Clone 31 is derived from a 
genetic cross of reovirus type 1/L and reovirus type 3 strain 
Dearing. It contains all the outer capsid encoded polypep- 
tides (u,lc, ol, o3, and \2) from reovirus type 1. For mouse 
inoculation, a stock of reovirus that was passed twice in L 
cells was purified by substituting ultrasonic disruption (Ul- 
trasonic 250; Branson Sonic Power Co., Danbury, Conn.) 
for cell homogenization in a modification of published tech- 
niques (6). The particle-to-PFU ratio was approximately 
100:1 for purified virus stocks used in these experiments 
(24). 

Mouse inoculation and monoclonal antibodies. Groups of 8- 
to 12- week-old A/J and ABY mice were inoculated intrave- 
nously with a total volume of 0.2 ml of 10 10 PFU of reovirus 
1/L or clone 31 suspended in sterile saline containing gelatin 
after cannulation of the gallbladder and ligation of the 
common bile duct as previously described (20). Groups of 
mice were treated for the 4 days preceding virus inoculation 
with, per day, 100 u.g of IgG2a anti-I-A k monoclonal anti- 
body (10.3.6 hybridoma-derived monoclonal anti-I-A anti- 
body IgG2a.k, specific for I-A k s f r 2 or 100 \Lg of IgG2a 
monoclonal antibody to an irrelevant antigen (UPC10 
IgG2a.k, specific for p-2,6-linked fructosan [Sigma Chemical 
Co., St. Louis, Mo.]). An additional group of A/J mice were 
not treated with antibody before inoculation with reovirus. 

Titration of virus from mouse fluids. Bile was collected for 
virus titration in aliquots hourly. Blood was collected at the 
conclusion of the experiment. Specimens of blood and bile 
were measured and then diluted 1 to 5 with saline-gelatin and 
stored at -70°C until titers were determined. Specimens of 
intestinal fluids were collected and assayed as previously 
described (19). Briefly, mice were killed 4 h after virus 
inoculation, and the small intestine, from the gastroduodenal 
junction to the ileocecal valve, was removed and divided 
into proximal, middle, and distal segments approximating 
the duodenum, jejunum, and ileum. The large intestine, 
consisting of the cecum and colon, was assayed for virus. 
The lumen of each bowel segment was washed with 1 ml of 
saline-gelatin, which was then collected into sample vials. 
All samples of intestinal contents were frozen and thawed 
three times. The samples were disrupted by ultrasound 
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FIG. 1. Reovirus type 1/L in Kupffcr cells. A/J mice (8 to 12 weeks old) were inoculated via the tail vein with 10 10 PFU of reovirus and 
killed 2 h later. The liver was fixed for electron microscopic examination. Shown is a Kupffer cell (K) adjacent to a hepatocyte (H). Within 
the Kupffer cells are a number of lysosomes, one of which (arrow) contains a number of virus particles. Some virus particles also lie free 
within the cytoplasm (arrowhead). A higher magnification of these particles are shown in the inset. Magnification, x 18,000; inset 
magnification, x 37,700. 



(Branson Ultrasonic 250) and then assayed on L-cell mono- 
layers in 12-well cluster plates (Costar, Cambridge, Mass.) 
(21). 

Collection of bile. Mice were anesthetized with pentobar- 
bital sodium and then the common bile duct was ligated at 
the site of insertion into the duodenum. The gallbladder was 
freed from its supporting ligaments and cannulated with 
PE-10 tubing (Clay Adams, Parsippany, N.J.). After gall- 
bladder cannulation, the mice were hydrated by subcutane- 
ous inoculation of 0.5 ml each of 0.145 M NaCl and 5% 
glucose in water. The mice were then placed under a grow 
light (75 W) at 30 cm for the duration of each experiment. 
For all experiments, the hourly output of bile averaged 50 to 
100 uJ in virus-inoculated mice that had received various 
antibody treatments and was not statistically different from 
the volume of bile collected from noninfected controls. 

Electron microscopy of liver sections. Animals were killed 
by cervical dislocation. Fragments of liver were immediately 
cut into 1-mm cubes and fixed in 2.5% phosphate-buffered 
glutaraldehyde. The tissue was postfixed in osmium, dehy- 
drated in a series of alcohols, and embedded in Epon 812. 
The sections were cut and stained with uranyl acetate and 
lead nitrate and examined in a Phillips 301 electron micro- 
scope. 



RESULTS 

Visualization of reovirus. To determine whether Kupffer 
cells may be involved in reovirus type 1/L entry into the bile, 
transmission electron microscopy was used to locate virus 
particles in the liver. Adult A/J mice were inoculated with 
10 10 PFU of reovirus type 1/L intravenously and killed 2 h 
later. Reovirus type 1/L was found within the lysosomes of 
Kupffer cells, as well as in a free form within the cytoplasm 
(Fig. 1). White virus was not visualized in endothelial cells, 
hepatocytes, or biliary duct epithelium 2 h after inoculation, 
it was visualized in hepatocytes 48 h after inoculation (data 
not shown). 

Agents that affect macrophages influence virus transport. 

Silica dioxide and the highly anionic derivative of seaweed, 
carrageenan, both act upon Kupffer cells and decrease their 
ability to take up particulate substances (2). Mice given 3 mg 
of silica dioxide intraperitoneally 18 h before virus challenge 
were found to have a 1,000-fold decrease in virus secreted 
into the bile at 3 h (steady-state conditions). Mice pretreated 
with 1 mg of carrageenan intravenously 18 h before virus 
inoculation had undetectable levels of vims in the bile 3 h 
after inoculation. In addition, in the carrageenan-treated 
mice, the quantity of reovirus present in the blood was 
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FIG. 2. Decrease of infectious reovirus type 1/L in the bile of A/J 
(I-A k ) mice by anti-I-A k antibody treatment. Groups of mice were 
inoculated intravenously with irrelevant (control) monoclonal anti- 
body, anti-I-A k antibody, or neither antibody. A/J mice received 
clone 31 reovirus and control immunoglobulin monoclonal antibody 
(■) or anti-I-A k immunoglobulin K'///.). Reovirus type 1 was given to 
ABY (H) and A/J mice treated with anti-I-A k immunoglob- 
ulin or to non-antibody-treated A/J mice (888). Titers in sera 
obtained at the termination of the experiments were similar in all 
groups. The results shown are the means for two to four mice. 



approximately 10-fold higher than in control mice (data not 
shown). 

Anti-I-A antibody affects reovirus passage in vivo. Acti- 
vated macrophages have been shown to express class II 
major histocompatibility antigens. It is known that these 
cells have accessory cell functions, such as antigen presen- 
tation to thymus-derived lymphocytes to initiate immune 
responses (1). It has been previously demonstrated that 40 to 
60% of liver Kupffer cells are I-A positive (18). We examined 
the role of this subset of Kupffer cells in the transport of 
virus. To interfere with I-A-positive Kupffer cells, mice were 
administered a highly purified IgG2a anti-I-A k monoclonal 
antibody (10.3.6) (25). The same preparation of anti-I-A 
antibody was simultaneously shown to be effective in the 
functional inactivation of splenic antigen-presenting cells 
expressing I-A antigens in vivo in a well-defined antigenic 
system (25; A. M. Carroll and M.I. Greene, Immunology, in 
press). A/J (H-2 a [I-A k ]) mice were inoculated with either the 
anti-I-A k antibody or an irrelevant IgG2a monoclonal anti- 
body before virus challenge. In addition, BALB/c (H-2 d ) or 
ABY (H-2 b ) mice congenic with A/J mice were inoculated 
with the same batches of anti-I-A k antibody. As determined 
by electron microscopic analysis, anti-I-A k treatment did not 
eliminate celts which are morphologically defined as Kupffer 
cells from the sinusoids of A/J mice and virus particles were 



visible within these cells at 2 h (data not shown). Moreover, 
the titer of virus recoverable from blood taken 4 h after virus 
inoculation (4.2 x 10 4 PFU/ml) from anti-I-A k antibody- 
treated mice was similar to that at 4 h in control A/J mice (6.5 
x 10 4 PFU/ml). However, A/J mice inoculated with the 
anti-I-A k monoclonal antibody had at least a 300-fold de- 
crease in the quantity of infectious virus in bile at 3 h after 
inoculation compared with that in A/J control mice (1.8 x 10 3 
and 5.5 x 10 5 PFU/ml, respectively). ABY or A/J mice that 
received control IgG2a had no discernible change in virus 
concentration in the bile compared with that in control A/J 
mice (Fig. 2). Additional control BALB/c (H-2 d ) mice that 
received irrelevant IgG2a or anti-I-A k antibody had titers of 
virus recoverable from bile that were similar to each other, 
but the absolute titer of virus in the bile at 3 h in BALB/c 
mice was somewhat less than that in control A/J mice (data 
not shown). 

The quantity of infectious reovirus particles in the bile 
does not account for all the infectious virus found within the 
lumen of the bowel 4 h after intravenous inoculation (18). 
The contribution of I-A-bearing cells to the presence of virus 
in the intestinal lumen was analyzed (Fig. 3). It was found 
that after pretreatment with anti-I-A k monoclonal antibody, 
but not with control immunoglobulin monoclonal antibody, 
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FIG. 3. Decrease of infectious reovirus type 1/L in the gut lumen 
of A/J mice by anti-I-A k antibody treatment. Groups of A/J mice 
were inoculated with either control monoclonal antibody or anti-I- 
A k antibody intravenously. A/J mice received clone 31 reovirus and 
control immunoglobulin monoclonal antibody (■) or anti-l-A k im- 
munoglobulin ( V//. ). Reovirus type 1 was given to ABY ( ■§ ) or 
A/J ( %m ) mice treated with anti-I-A k antibody after ligation of the 
common bile duct. Four hours later, the mice were killed, and the 
intestines were removed and divided into segments corresponding to 
the duodenum, jejunum, ileum, and colon. The lumen was flushed 
with phosphate-buffered saline (pH 7.4), and the virus titers in the 
liquid contents obtained were determined on L-cell monolayers as 
described in Materials and Methods (21). The results shown are the 
means for two to four mice. 



Vol. 61, 1987 



TRANSPORT OF INFECTIOUS REOVIRUS INTO BILE 3225 



1-A* 



D 


H 


H 

















Bile 




Bite 



FIG. 4. Roles I-A antigen-bearing cells may play in secretion of 
reovirus type 1/L. (A) The I-A antigen-bearing Kupffer cell (K) 
directly interacts with reovirus and serves as the conduit for passage 
of the virus into the space of Disse (D) for presentation of the virus 
to hepatocytes (H) and passage to the bile. The endothelial cells (E) 
do not concentrate virus or participate in the passage of virus. (B) 
Soluble factors from 1-A antigen-bearing cells induced by reovirus 
uptake affect the transport of reovirus through a second cell (i.e., a 
hepatocyte). 

there was an absolute decrease in the entry of infectious 
virus into all segments of the bowel (84 to 99.9% decrease 
depending upon the bowel segment examined; Fig. 3). 

DISCUSSION 

In this study we extended our observation that reovirus 
type 1 is transported into the bile of mice (20). We examined 
several strains of mice (A/J, ABY, and BALB/c) and found 
that infectious reovirus type 1 was recoverable from the bile 
of all strains. However, BALB/c mice tended to a have a 
lower quantity of infectious virus in both the bile and the 
lumen of the intestine (data not shown) than did other 
strains. These data suggest that host genetic factors may 
influence viral transport to the mucosal surface. 

The electron microscopic studies demonstrated that 
reovirus resides selectively within the Kupffer cells 2 h after 
intravenous virus inoculation and indicated that Kupffer 
cells concentrate and sequester reovirus type 1/L from the 
systemic circulation. This finding is supported by our results 
that indicate increased titers of virus in the blood of mice 
with impaired macrophage ingestion compared with titers in 
nontreated controls. Moreover, the dramatic effect of silica 
dioxide and carrageenan in limiting the appearance of infec- 
tious reovirus in the bile strongly suggests that Kupffer cell 
uptake is also involved in the early steps of transport of 
reovirus from the blood into the bile. 



Kupffer cells were not eliminated by anti-I-A k monoclonal 
antibody treatment, as determined by direct electron micro- 
scopic visualization of treated liver cells. Similarly, anti-I-A k 
antibody does not inhibit the phagocytic activity of I-A- 
negative macrophages (M. I. Greene, unpublished results). 
Therefore, when mice were treated with anti-I-A k antibody, 
which effectively inactivates I-A-bearing cells, no decrease 
in the amount of infectious virus was observed in the blood 
compared with that in controls. However, the anti-I-A k 
antibody treatment had a significant effect on decreasing the 
transport or passage of virus into the bile. Since Kupffer 
cells are the predominant I-A-bearing cells in the liver, the 
results obtained with anti-I-A k antibody treatment reflect an 
influence on these cells. Moreover, treatment with anti-I-A k 
antibody also affected the release of virus into the lumen of 
the intestine. Therefore, I-A-bearing cells are associated in 
some manner in the transport of infectious virus into the 
lumen of the bowel and into the bile. Thus, these experi- 
ments defined an unexpected and novel pathway for the 
elimination of infectious virus from the host. 

I-A gene expression is regulated and is inducible during 
infection in various tissues (9-11). Our findings strongly 
suggest that I-A-bearing cells are capable of affecting the 
transport of macromolecular complexes such as viruses onto 
the mucosal surface. Our observations should be considered 
in conjunction with studies that show that lactation is 
correlated with the induction of I-A antigens on secretory 
breast epithelial cells (7). The expression of I-A antigens 
may therefore be a marker for a secretory or transport 
function of a broad set of cells. We hypothesize that I-A 
antigen-bearing cells affect transport of reovirus by one of 
two routes: (i) I-A antigen-bearing cells are the conduit for 
the passage of reovirus from the systemic circulation into 
hepatocytes for secretion and therefore are directly respon- 
sible for transport of reovirus (Fig. 4A) or (ii) soluble factors 
from I-A antigen-bearing cells induced by virus uptake 
influence the capacity of a second cell, i.e., a hepatocyte, to 
secrete virus (Fig. 4B). Whether the I-A antigen-bearing cell 
regulates secretion and transport (16) or is a marker for an 
activated cell which expresses an increased capacity to 
sequester and then secrete or permit passage of virus is 
under investigation. 

The results suggest that I-A-bearing cells may influence 
the fate of infectious reovirus. It is conceivable that I-A- 
positive Kupffer cells and other I-A-bearing cells in the gut 
mucosa may be relevant to many aspects of gut-associated 
immune responses as well as viral pathogenesis. The deliv- 
ery of substances to the mucosal surface via the activity of 
I-A-positive cells may result in (i) the elimination of anti- 
gens, (ii) the presentation of antigens in mucosally associ- 
ated lymphoid tissues (8, 13, 26), or (iii) the transmission of 
pathogens to a new host via body secretions. Based upon 
these findings, the treatment of certain viral diseases may be 
directed toward the regulation of the expression of I-A 
genes. It is under investigation whether such treatment 
affects the transport of human immunodeficiency virus, a 
virus that persists in macrophages, into the nervous system 
or onto the mucosal surfaces (5, 23). 
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The role of macrophages in protecting mice from murine cytomegalovirus 
(MCMV) was studied in Swiss, CBA/J, and C57BL/6J mice. CBA/J mice were 
more resistant to virus than were C57BL/6J mice at all ages tested. Prior 
treatment of adult Swiss mice with 60 mg of silica, a dose selectively toxic to 
macrophages, increased mortality due to MCMV infection. Transfer of syngeneic 
adult macrophages to suckling mice significantly increased their resistance to 
subsequent MCMV infection. Transfer of syngeneic, nonimmune adult 
lymphocytes to suckling mice also had a lesser but significant protective effect 
against subsequent MCMV challenge. In vitro infection of adult CBA/J and 
C57BL/6J macrophages with virulent and attenuated MCMV resulted in produc- 
tive infection in only a small percentage of cells and recovery of very little virus 
from the extracellular fluid. Infection of CBA macrophages was no less 
productive than C57BL/6J nor was infection with virulent virus more productive 
than with attenuated virus. Histological examination of the livers of MCMV- 
infected CBA/J and C57BL/6J mice suggested that divergent cellular immune 
responses to infection might account for differences in susceptibility. It is 
postulated that the macrophage may facilitate the inductive phase of cellular 
immunity, one possible explanation for its demonstrated importance in host 
defenses against MCMV. 



Numerous studies have demonstrated the 
importance of the k 'macro phage" in host de- 
fenses against a variety of viral infections (3, 
5-7, 17, 23). (As in most of the literature, the 
term "macrophage' ' is used throughout this 
paper to refer to that population of mononuclear 
leukocytes which adhere to glass. This ter- 
minology is adopted for the sake of simplicity 
and is not intended to suggest that macrophages 
are the only cells present in this population, nor 
that they are solely responsible for the activities 
observed.) In the case of herpes simplex virus 
(HSV), a picture of macrophage function has 
developed based on studies of suckling mice, 
which develop lethal encephalitis due to infec- 
tion, and of adult mice, which are resistant to 
infection. It appears that macrophage matura- 
tion is a contributing factor in this age-depend- 
ent resistance, since transfer of syngeneic adult 
macrophages to suckling mice protected them 
(6), whereas impairment of macrophage activity 
in adult mice with silica or antimacrophage 
serum allowed lethal infection to occur (23). 
Also, macrophages from suckling mice sup- 
ported growth and spread of HSV in vitro 

1 Present address: Department of Bacteriology, School of 
Medicine, University of North Carolina. Chapel Hill, N.C. 
27514. 



whereas macrophages from adult mice did not 
(7), suggesting that the ability of HSV to 
multiply in and spread from suckling macro- 
phages results in lethal infection and that 
changes occur during macrophage maturation 
that- prevent HSV multiplication, thus protect- 
ing the animal from lethal infection. 

Murine cytomegalovirus (MCMV), another 
member of the Herpesvirus family, is similar to 
HSV in that suckling mice are much more 
susceptible to infection than are adults (9). 
Since reticuloendothelial organs are the site of 
maximal involvement in the early stages of 
virulent, but not of attenuated, MCMV infec- 
tion (15), and virulent MCMV has been shown 
to suppress clearance of Newcastle disease virus 
from the blood stream (12), it seemed reasona- 
ble to test the possibility that the macrophage is 
also an important host defense mechanism in 
MCMV infection. Therefore, in the present 
experiments, the influence of macrophages on 
the course of MCMV infection was studied in 
vivo, both in suckling mice pretreated with 
syngeneic adult macrophages and in adult mice 
pretreated with silica. In addition, in vitro 
infection of macrophages from two strains of 
mice— a resistant strain (CBA/J) and a suscep- 
tible strain (C57BL/6J)— was studied to deter- 
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mine whether variations in the ability of macro- 
phages to support viral replication might ac- 
count for differences in the susceptibility of 
these two strains as well as the differences 
between virulent and attenuated MCMV. 

(This paper is taken from a thesis presented 
by M.K.S. to the Department of Medical Mi- 
crobiology. University of Wisconsin, in partial 
fulfillment of the requirements for the Ph.D. 
degree.) 

MATERIALS AND METHODS 

Mice. Out bred Swiss mice were obtained from ARS 
Sprague-Dawley (Madison, Wis.). Swiss mice (free of 
known viral pathogens) used to generate virus pools 
were obtained from National Laboratory Animal Co. 
(Creve Coeur. Mo.). CBA/J and C57BL/6J (referred 
to subsequently as CBA and C57BL) inbred strains of 
mice and (CBA/J x C57BL/6J)F, hybrid mice were 
obtained from Jackson Laboratory (Bar Harbor, Me.). 

Viruses. MCMV of the Smith strain maintained 
by mouse passage was used in these studies. Pools of 
virulent and attenuated MCMV (the latter passaged 
nine times in tissue culture) were prepared as previ- 
ously described, with the exception that virus-con- 
taining materials were stored in medium which con- 
tained 10% dimethylsulfoxide <Me 2 SO) as stabilizer 
instead of sorbitol (14). 

To obtain a pool of mouse-adapted HSV, an HF 
strain which had been passed an undetermined num- 
ber of times in Vero cells was passed four times in 
primary mouse embryo cell culture (MECC). After 
each passage virus was harvested by freezing and 
thawing infected cells three times. The resultant pool 
of HSV was stored in small samples at -70 C. 

Media and reagents. MECC were grown in me- 
dium 199 containing 10% calf serum, 5% lacto- 
albumin hydrolysate. and 0.06% sodium bicarbonate 
(NaHC0 3 ). Cells were maintained in medium con- 
taining 5% calf serum and 0.15% NaHCO s . 

Adherent peritoneal exudate cells (APEC) were 
harvested in Eagle minimal essential medium con- 
taining 20% fetal calf serum and 1 mmol of glutamine 
per liter. APEC were maintained in the same me- 
dium, to which 0.15% NaHC0 3 was added. 
Splenocytes were cultured in medium 199 containing 
5% fetal calf serum and 0.06^ NaHC0 3 . Maintenance 
medium containing 0.8% tragacanth ( 10) was used for 
overlay. All media contained 200 U of penicillin and 
200 /ig of streptomycin per ml. 

For fixation of cells, a solution of ethanol-acetic 
acid-formaldehyde (6:2:1) was used: crystal violet 
staining facilitated viral plaque visualization on fixed 
monolayers. 

Silica was prepared by mixing 1.5 g of silica powder 
(325 mesh. Sargent -Welch Co.) in 400 ml of saline. 
The solution was allowed to settle for 15 min. and 
supernatant fluid was decanted and centrifuged for 15 
min at 1500 rpm. The pellet was then resuspended in 
a small volume of saline, sterilized, put through a 
membrane filter (Millipore Corp.) of known weight, 
and adjusted to a concentration of 60 mg/ml with 



sterile saline. Particle size was approximately 2 ^m by 
microscopic examination. 

Neutral red staining of peritoneal exudate cells. 

Peritoneal exudate suspension was placed on slides 
coated with neutral red dye, covered with a cover 
glass, and incubated for 15 to 20 min at 37 C. 
Monocytes were distinguished microscopically from 
other cells with criteria described by Sabin (19); in 
particular, the cytoplasm of the macrophage was 
filled with fine, uniform particles that stained darker 
than neutrophilic granules, whereas lymphocytes in 
general had a clear cytoplasm. 

Tissue culture. Primary and secondary MECC 
were prepared as previously described (14). To obtain 
APEC ("macrophages"), mice were sacrificed, the 
skin over the abdomen was removed, and 4 ml of 
medium was injected into the intact peritoneal cavity. 
The abdomen was massaged gently, and 3 ml of fluid 
was removed through a 20-gauge needle into a syringe. 
This fluid contained approximately 10 s cells/ml, of 
which 50 to 60% were phagocytic as determined by 
neutral red staining. Fluids from four to five mice 
were pooled. 0.15% NaHCO a was added, and 3-mI 
samples were distributed into Falcon plastic tissue 
culture tubes (16 by 125 mm; for in vitro infection). 
After 12 to 18 h of incubation at 37 C in an atmos- 
phere of 5% CO a , nonadherent cells were removed by 
washing vigorously several times with 0.85% sterile 
saline. Cells were refed with maintenance medium. 
The remaining adherent cells were 95 to 99% phago- 
cytic, as determined by neutral red staining. 

"Stimulated" APEC were obtained by injecting 2 
ml of thioglycolate medium by the intraperitoneal 
(i.p.) route 48 to 72 h prior to harvest of peritoneal 
cells; 70 to 80% of the 10* to 10 7 cells/ml obtained in 
this manner were phagocytic. Peritoneal fluids were 
processed as previously described, except 15-ml sam- 
ples were dispensed in Falcon plastic tissue culture 
flasks (75 cm 2 ) along with 15 ml of maintenance 
medium (for transfer studies). 

Splenocytes were suspended by forcing spleens and 
a small amount of medium through a wire mesh, 
diluted appropriately, and placed in plastic tissue 
culture flasks (75 cm 2 ). After 12 to 18 h of incubation, 
nonadherent cells were shaken into the medium which 
was then centrifuged lightly; pelleted cells were resus- 
pended to desired volume. Adherent cells were 
washed several times and removed with a rubber 
policeman into saline, pelleted, and resuspended 
appropriately. 

Cell transfer studies. Stimulated APEC obtained 
from 7-week-old male C57BL mice were suspended in 
cold saline. 10 6 viable cells per 0.05 ml (as determined 
by counting cells which excluded 0.025^ trypan blue). 
Adherent cells cultured from the spleens of the same 
mice, and nonadherent cells from those spleens, were 
processed as previously described and resuspended at 
concentrations of 10 6 and 10 7 cells per 0.05 ml, 
respectively. Litters of suckling mice 4 to 5 days old 
were randomized and divided into groups which 
received APEC. adherent spleen cells, nonadherent 
spleen cells, or diluent. Twenty-four hours later all 
mice were challenged with 2.000 plaque-forming units 
of MCMV. Some litters were observed for morbidity 
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and mortality. Others were sacrificed for assay of 
virus titers in liver and spleen. 

Determination of virus titers in various organs. 
In all virus assay experiments, organs from two mice 
were pooled, ground with sterile sand with mortar and 
pestle, and resuspended to \09c (wt/vol) in mainte- 
nance medium containing 10% Me 2 SO. Extracts were 
stored at -70 C for subsequent virus assay of 0.5-ml 
samples on duplicate MECC monolayers as previ- 
ously described (15). 

Silica pretreatment studies. Mice were divided 
into three treatment groups (all injections were by the 
i.p. route) as follows: group 1 received 60 mg of silica 
and 2 h later received MCMV; group 2 received saline 
and 2 h later received MCMV; and group 3 received 60 
mg of silica and 2 h later received diluent. Mice were 
observed for illness and death; at 3 and 5 days after 
infection, pairs of animals were sacrificed for virus 
assay of liver and spleen. 

Infection of macrophages in vitro and subse- 
quent assays for MCMV. APEC from 6-week-old 
adult CBA and C57BL mice were cultured in Falcon 
tubes and infected 24 h after harvest with 10 s PFU of 
virulent or attenuated MCMV in 0.2 ml of mainte- 
nance medium. Virus was allowed to adsorb for 2 h, 
and then maintenance medium was added. At 3-day 
intervals, medium was changed, and spent medium 
was assayed for virus. Infectious center assays were 
also carried out on cultures from both strains infected 
with both types of virus. At 3-day intervals, cells were 
scraped from duplicate tubes into 1 ml of cold saline; 
viable cells were counted in the presence of trypan 
blue, diluted, and placed on duplicate MECC mono- 
layers in 0.5 ml of maintenance medium. After 
allowing 1 h for cells to adhere, overlay was added and 
cells were incubated for 5 days at 37 C and then 
washed, fixed, and stained for enumeration of plaques 
representing infectious centers. 

RESULTS 

Relative susceptibility of various strains of 
mice to MCMV. Before considering how altera- 
tions in the macrophage population might af- 
fect the course of MCMV infection in mice, the 
susceptibility of several strains of mice to 
MCMV was tested. Two inbred strains (CBA 
and C57BL), the F t hybrid of these two strains, 
and one outbred Swiss strain were chosen for 
this purpose. Mice at various ages were infected 
by the i.p. route with various doses of MCMV 
and subsequently observed for mortality. Figure 
1 shows the relative susceptibility of mice of 
various strains and ages by comparing the doses 
required to obtain 50% mortality (mean lethal 
dose) in each group. The Fi hybrid resistance 
pattern resembled the CBA parent, whereas the 
outbred Swiss strain, like the C57BL strain, was 
more susceptible to virus. It should be stated 
that the dose range between 0 and 100% mortal- 
ity was very narrow; i.e.. the dose capable of 
killing lOO^r of the mice in a group was never 
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more than four times that which killed none of 
the mice. At all ages tested, the dose which 
killed 100* of C57BL mice failed to kill any 
CBA animals. Figure 1 also shows that within a 
given strain resistance increased with age. 

Groups of 3-week-old CBA and C57BL mice 
were also inoculated by the i.p. route with 
various doses of HSV. The mean lethal dose for 
CBA and C57BL mice using this virus were not 
measurably different: 5 and 8 PFU, respec- 
tively. This suggests that the factor(s) deter- 
mining susceptibility of the two strains to 
MCMV is not a general property applicable to 
other herpesviruses. 

Effects of silica treatment of MCMV infec- 
tion. It has been demonstrated that silica 
provides selective toxicity for one cell type 
—macrophages (1, 16). Therefore, an experi- 
ment was designed in which silica was used to 
decrease macrophage activity, on the premise 
that this might enhance MCMV infection. 
Adult Swiss mice were injected i.p. with either 
60 mg of silica in 1 ml of saline or with diluent. 
Two hours later, mice were challenged i.p. with 
MCMV. At 3 and 5 days after infection, two 
mice in each group were assayed for MCMV in 
liver and spleen extracts; the remaining mice 
were observed for mortality. 

Table 1 shows data from such an experiment; 
the greatest difference in mortality between 
silica-treated mice and those receiving only 
virus occurred at a dose of 4 x 10 5 PFU of 
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Fic. 1. Relative susceptibility of various strains 
and ages of mice to MCMV infection. Mean lethal 
dose (LD S0 ) values are expressed as factors of a stan- 
dard LD i0 (2 x 10* PFU) which was obtained for 
C57BL weanling mice. Pointed tops indicate an LD 50 
greater than that indicated for instances in which the 
highest dose available did not kill 509r of the mice. 
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Table 1. Effects of silica treatment on the percent 
mortality in adult Swiss mice infected with MCMV° 



Dose (PFU) of 
virus 


Mortality of 6-week-old mice ) 


Treated with 
silica, and 
virus 


Treated with 
virus only 


6x 10* 


100 


90 


4x 10 s 


75 


12 


3x 10 s 


0 


0 



° Eight adult Swiss mice were injected by the i.p. 
route with 55 to 60 mg of silica 2 h prior to infection 
with MCMV. An equal number of controls received 
diluent 2 h prior to infection. Mice were then observed 
for mortality. 



MCMV; the narrow range between lethal and 
nonlethal doses was again evident. At all doses 
of virus, titers of MCMV in liver extracts at 3 
days after infection were 4- to 20-fold higher in 
mice that received silica than in animals that 
did not. Titers of virus in the liver dropped 
sharply by 5 days in mice that received virus 
only, whereas mice that had received silica 
still had levels of virus as high or higher than 
those observed 3 days after infection. In general, 
treatment with silica had little effect on the 
amount of virus detected in spleens of mice at 
either interval. In most cases, deaths occurred 
slightly earlier in silica-treated mice, although 
the difference was usually not greater than 24 h. 
Mice that received silica without virus re- 
mained healthy. 

It was postulated that if the difference in 
susceptibility of CBA and C57BL mice were due 
to some difference in macrophage activity, 
treatment of CBA mice with silica might make 
these animals as susceptible to MCMV as 
C57BL mice. Therefore, 3-week-old CBA mice 
were inoculated i.p. with 60 mg of silica. Two 
hours later, these mice, as well as groups of 
untreated CBA and C57BL mice, received vari- 
ous doses of MCMV i.p. Although treatment 
with silica lowered the dose of virus necessary to 
produce 100, 50, and 0% mortality in CBA mice, 
these mice were still considerably more resist- 
ant than untreated C57BL mice (Table 2). 

MCMV infection in suckling mice previ- 
ously treated with syngeneic adult macro- 
phages. The observed effects of silica sug- 
gested that decreasing macrophage activity 
had an enhancing effect on the course of 
MCMV multiplication and lethality. The 
greater lethality of MCMV for suckling mice 
relative to adults was also previously demon- 
strated (Fig. 1). To determine the effects of 
enhanced macrophage activity on the course 



of MCMV infection, 4- to 5-day-old C57BL 
mice were inoculated with approximately 10 6 
adult, syngeneic macrophages 24 h prior to 
infection with MCMV. One group of control 
mice was inoculated with 10 7 to 10 8 adult, 
syngeneic lymphocytes (nonadherent cells) 24 h 
before infection; a second control group was not 
treated before infection. Mice were then ob- 
served for mortality. At 2, 4, 6, and 8 days after 
infection, two mice from each group were sacri- 
ficed for virus assay of spleen and liver. 

Pretreatment of suckling mice with macro- 
phages before MCMV infection resulted in a 
significant decrease in the number of deaths 
which occurred compared to mice which re- 
ceived only MCMV (P < 0.025) (Fig. 2); P 
values were calculated by the binomial test. 
Also, the time at which deaths occurred was 
slightly delayed in mice pretreated with macro- 
phages. Pretreatment with lymphocytes con- 
ferred a significant degree of protection (P < 
0.05); however, macrophages conferred a greater 
degree of protection than lymphocytes (P < 
0.05) (Fig. 2). Unlike the silica experiments, 
there was no significant difference in titers of 
virus in either spleen or liver extracts, despite 
the significant differences in mortality. 

In vitro infection of macrophages from 
adult CBA and C57BL mice with virulent and 
attenuated MCMV. Since previous experi- 
ments demonstrated that macrophage activity 
in vivo is an important component of the host 
defense mechanism against MCMV, attempts 
were made to assess differences in the ability of 
various macrophages to support the replication 
of virus. Macrophages from adult CBA and 
C57BL mice were infected with 10 5 PFU of 
virulent or attenuated MCMV in vitro. At 3-day 
intervals thereafter, extracellular fluids were 
assayed for virus, and cells were assayed for 
infectious centers. At 3 days after infection, in 
all groups only a small percent of infected 



Table 2. Effects of silica treatment of the percent 
mortality in CBA weanling mice 0 



Mouse 
strain 


Silica 
treatment 


Doses (PFU) yielding: 


90-100^r 

mortality 


50-60?r 

mortality 


0-l(Fr 

mortality 


CBA 
CBA 
C57BL 


0 

55 to 60 mg 
0 


8 x 10* 
4 x 10 5 
8x 10* 


4x 10 s 
2x 10 s 
5 x 10* 


2 x 10* 
1 x 10* 

3 x 10* 



0 Three-week-old CBA mice were injected by the 
i.p. route with 55 to 60 mg of silica 2 h prior to infec- 
tion with MCMV. Equal numbers of CBA and C57BL 
mice received diluent 2 h prior to infection. Mice were 
then observed for mortality. 
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Fig. 2. Effects of pretreatment with syngeneic 
adult macrophages or lymphocytes on the percent and 
distribution of mortality after MCMV infection in 
C57BL suckling mice. Four- to six-day-old mice were 
inoculated with 10* adult syngeneic macrophages 24 h 
prior to infection with 2,000 PFUofMCMV. Controls 
received either 10 1 to 10* adult, syngeneic lympho- 
cytes, or were not treated prior to infection. Mice were 
observed for mortality. The data graphed is a compos- 
ite of several experiments. Total number of deaths per 
total number of animals is represented for each group. 
The percentage of mortality in the macrophage- 
treated group is significantly different from that in 
the group which received virus only {P < 0.025). The 
percentage of mortality in the lymphocyte-treated 
group is significantly different from that in the other 
two groups {P < 0.05). 

macrophages could be detected (Fig. 3). The 
proportion of infected cells increased with time 
in culture so that by 9 days as many as 50% of 
the cells were infected. Results between experi- 
ments were quite variable, and there was no 
indication of more widespread infection with 
virulent virus or in C57BL cells, as one might 
have expected if pathogenicity were directly 
related to the ability of the host macrophage to 
support viral multiplication. Very little virus 
was detected in the extracellular fluid of any of 
the cultures studied; the yield was generally at 
least 10-fold lower than the initial inoculum. 

Detection of histological changes in organs 
from MCMV infected CBA and C57BL 
mice. To further compare CBA and C57BL 
mice, 3-week-old animals from each strain were 
inoculated with a dose of virus calculated to 
produce 50% mortality in C57BL mice. Two ani- 
mals from each group were sacrificed at daily 
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intervals 1 to 6 days after infection; the spleens, 
livers, brains, lungs, and thymuses were re- 
moved, fixed in formalin, sectioned, and stained 
with hematoxylin and eosin. No pathological 
changes were observed in thymus or brain 
sections. In both strains, comparable interstitial 
inflammation was observed in sections of lung, 
and changes similar to those previously de- 
scribed (13, 18) were observed in spleen. 

In contrast, livers from C57BL mice exhibited 
histological changes different from those seen in 
CBA livers. Intranuclear inclusions characteris- 
tic of cytomegalovirus were detectable in liver 
sections from both strains 1 day after infection 
(Fig. 4); but although inclusion-bearing cells 
seen in C57BL liver were surrounded by inflam- 
matory cells, the same cytomegalic cells in CBA 
liver sections were not. Inclusion-bearing cells 
in the absence of inflammatory foci were ob- 
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Fig. 3. In vitro infection of macrophages from 
adult CBA and C57BL mice with virulent and at- 
tenuated MCMV: infectious center assay. Macro- 
phage cultures were infected with JO' PFU of either 
9th -passage attenuated MCMV or virulent MCMV. 
At 3,6, and 9 days after infection, macrophages from 
two cultures were removed from their tubes, counted, 
diluted, and placed on duplicate M EC C monolayers. 
Macrophage-monolayer preparations were incubated 
at 37 C for 1 h before overlay was added. Plaques were 
counted after 5 days of incubation at 37 C. Each 
plaque represented an infected macrophage in the 
initial culture. The average number of plaques, times 
the dilution factor, was divided by the total number of 
cells in the original culture to obtain the percent of 
cells infected {infectious centers). Averages and 
ranges of the number of infectious centers obtained 
from various experiments are plotted. 
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Fig. 4. Hematoxylin and eosin stained sections of C57BL (a) and CBA (b) liver taken 1 day after MCMV 
infection. Three- week-old CBA and C57BL mice were inoculated with MCAfV, and livers were removed from 
two mice in each group at 1 day post -infection, fixed in formalin, sectioned, and stained with hematoxylin and 
eosin. (a) C57BL liver section with an intranuclear inclusion characteristic of cytomegalovirus; and the 
inclusion -bearing cell is surrounded by inflammatory cells; (6) a similar inclusion in a section of CBA liver; 
however, there are no signs of inflammation (x250). 
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served in liver sections from CBA mice 
throughout the 6-day period examined, whereas 
inclusions were always accompanied by inflam- 
mation in C57BL liver sections. Patterns of 
hepatic infiltration also differed, in that inflam- 
matory foci tended to be scattered throughout 
the liver in both portal and parenchymal foci in 
C57BL mice; by contrast, inflammation in CBA 
mice was notably confined to portal areas and 
even in those areas was not as extensive as that 
seen in C57BL mice. 

DISCUSSION 

The data presented here demonstrated that 
CBA mice were more resistant to MCMV at all 
ages than were C57BL mice of comparable age, 
and that, as previously shown (9), susceptibility 
to MCMV is inversely proportional to age. 
Studies of resistant and susceptible strains of 
mice to both mouse hepatitis virus and several 
togaviruses— formerly group B arboviruses— 
demonstrated that susceptibility to these vi- 
ruses is inherited by an autosomal dominant 
trait (8). In contrast, the present study of 
MCMV infections showed that the response of 
(CBA x C57BUF, hybrid mice to MCMV 
resembled that of the resistant CBA parent, 
suggesting that the mechanisms responsible for 
resistance to mouse hepatitis virus and group B 
arboviruses are not the same as those responsi- 
ble for resistance to MCMV infection. This 
finding contrasts with data presented by Diosi 
et al. (4), in which susceptibility to a wild strain 
of MCMV inoculated by the intracerebral route 
seemed to be inherited as an autosomal domi- 
nant trait. Probably the mechanisms of resist- 
ance necessary for prevention of infection initi- 
ated intracranial ly are different from those 
which mediate i.p. infection. The present data 
also show that there is no difference in the 
susceptibility of CBA and C57BL mice to HSV, 
suggesting that the defense mechanisms against 
HSV also differ from those against MCMV even 
though these two viruses are closely related. 

Whereas the mechanisms of resistance of 
MCMV and HSV appear to be different, the 
macrophage seems to be important to both. 
Data from the present study yielded results 
similar to in vivo experiments with HSV (6. 23), 
in that prior treatment with silica— which is 
selectively toxic for macrophages (1. 16)— in- 
creased the susceptibility of adult Swiss mice to 
MCMV and increased titers of virus in the livers 
of these mice; transfer of syngeneic adult mac- 
rophages to C57BL suckling mice increased 
their resistance to MCMV infection. 

Nachkov et al . ( 1 1 ) demonst rat ed t hat C57BL 
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macrophages phagocytized a synthetic polypep- 
tide more strongly than did CBA macrophages, 
suggesting that differences do exist between 
macrophages from these two strains. However, 
although treatment of weanling CBA mice with 
silica resulted in increased susceptibility to 
MCMV, even these treated mice were more 
resistant than untreated C57BL weanling ani- 
mals. Therefore, it appears that, although dif- 
ferences in macrophage activity may be par- 
tially responsible for the difference in suscepti- 
bility of CBA and C57BL mice to MCMV, other 
factors must also be important. 

A number of studies have demonstrated that 
macrophages from suckling mice are less active 
than adult macrophages in several respects, 
including (i) their ability to produce interferon 
in response to HSV (6) and antibody in response 
to sheep erythrocytes (2; W. Braun and L. H. 
Lasky, Fed. Proc. 26:642, 1967); (ii) their ability 
to prevent growth and spread of several viruses 
(7, 23); and (iii) their ability to respond to 
proteose peptone stimulation (6). The increased 
resistance to MCMV of suckling mice pre- 
treated with adult macrophages suggests that 
some activities of the mature macrophage are 
vital to host defenses against MCMV. The delay 
observed in the onset of deaths which did occur 
in macrophage-treated suckling mice relative to 
untreated animals resembles the delay in onset 
of deaths seen as a result of tissue-culture 
attenuation of virus relative to virulent virus 
(15). It is possible that transfer of macrophages 
curtails viral infection in some organs but 
diverts it to others in which lethal damage may 
eventually occur. 

It is notable that transfer of nonimmune 
adult lymphocytes also provided some degree of 
protection to suckling mice, although not to the 
extent observed after transfer of macrophages. 
This is in contrast to experiments with HSV 
where adult lymphocytes had no protective 
effect for suckling mice (6), and suggests an- 
other difference in host response to these two 
closely related viruses. 

Although results from the in vivo experiments 
in this study corresponded, for the most part, 
with studies using HSV instead of MCMV, 
results of in vitro experiments differed from 
Johnson's studies (7) which showed that HSV 
could replicate in and spread from macrophages 
derived from susceptible suckling mice, but not 
from resistant adult mice. In vitro infection of 
macrophages with MCMV demonstrated that 
macrophages from resistant CBA mice were at 
least as susceptible to infection as those from 
susceptible C57BL animals and that infection 
with attenuated virus was not less productive 
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than with virulent MCMV. In general, only a 
very small percentage of macrophages appeared 
to be productively infected initially. This was 
also the result of several attempts to infect 
suckling macrophages (unpublished data), and 
contrasts with results reported by Tegtmeyer 
and Craighead (20) in which extracellular 
MCMV was recovered from mouse macrophages 
infected in vitro at concentrations 10- to 100- 
fold higher than the inoculum. Reasons for this 
difference in findings are unclear. 

The in vitro studies do not support the 
concept of a pivotal role for the macrophage per 
se in controlling viral replication and dissemi- 
nation. Instead, comparison of the histological 
changes in livers of MCMV-infected CBA and 
C57BL mice suggests that the difference in 
susceptibility may be related to the type of 
cellular immune response which occurs, since 
the inflammatory response in C57BL livers was 
much greater than that observed in CBA livers. 
The importance of the macrophage in resistance 
to MCMV may be related to its role in the 
inductive phase of cellular immunity. In this 
regard, the macrophage may act to present 
and/or process antigen for recognition by thy- 
mus-derived lymphocytes (T cells) (21, 22). In 
the case of MCMV infection, a rapid response to 
the antigen might result in resolution of infec- 
tion before enough antigen is produced to make 
a cellular immune response lethally destructive. 
Macrophages may also act to remove excess 
antigen which might be capable of eliminating 
isolated T cells, thus tolerizing the animal (21). 

The results of this study show that, although 
the macrophage is important to host defenses 
against MCMV, this does not correlate with 
inability of virus to replicate and spread from 
these cells as is the case with HSV infection. 
Some other functions of the macrophage— pos- 
sibly related to the inductive phase of cellular 
immunity — must be responsible for the impor- 
tance of this cell to host defenses against 
MCMV. 
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The phagocytic function of the reticuloendo- 
thelial cells of the liver and spleen has been 
extensively investigated with the help of colloidal 
suspensions injected intravenously (1, 2). The 
rate of clearance of particles of homogenous 
size follows an exponential function of the time, 
and most of the material phagocytized is re- 
covered in the liver Kupffer cells (2). The 
efficiency of splanchnic clearance of such particles 
is very great, in the order of 80-90%, if the blood 
concentration is kept below a critical level (3, 4). 
For doses of particles above this critical con- 
centration, the number of particles is in excess 
of the phagocytic capacity of the cells and the 
rate of clearance becomes inversely proportional 
to the injected dose illustrating the saturating 
effect of phagocytized particles on the reticulo- 
endothelial system (RES) (2, 4). 

The RES has been found also to phagocytize 
avidly denatured proteins (4) and antigen anti- 
body complexes (5) according to the same criteria 
that govern phagocytosis of particulate sus- 



Several studies have also been made of the 
blood clearance of bacteria by the RES (6, 7). 
Some Gram-positive bacteria appear to be 
phagocytized by liver Kupffer cells with a 
high degree of efficiency in the absence of specific 
antibody (8). The clearance of Gram-negative 
bacteria from the blood by the RES is a much 
more complex process than the clearance of 
colloidal particles, as the extent of opsonization 
by antibody and complement affects the effi- 
ciency of clearance by the liver and spleen (6, 
-7, 9). 

limited information is available concerning 
the phagocytosis of virus particles by the cells 
of RES. In view of their size and colloidal charac- 
teristics, virus particles might be expected to 

1 Supported by Research Grant No. E-2094 
from the United States Public Health Service. 



be efficiently cleared from the blood by the liver 
Kupffer cells. When tobacco mosaic virus (TMV) 
labeled with Ci 4 (10, 11) or P** (12) is injected 
intravenously in mice, it is found to be selectively 
concentrated in the liver Kupffer cells. Similarly, 
bacteriophage T a (13) is also selectively con- 
centrated after intravenous injection in the 
liver and spleen of mice and dogs. 

In this study the kinetics of blood clearance 
of two Psrlabeled viruses, vesicular stomatitis 
(VSV) and Newcastle disease virus (NDV), by 
the cells of the RES have been investigated in 
mice. These viruses were selected because of 
their small size and, in the case of NDV, because 
its hemagglutinating properties allowed an 
efficient purification of the labeled virus (14). 
It was found that these viruses are phagocytized 
by liver Kupffer cells with a high degree of 
efficiency. RES blockage slows down, markedly 
this process whereas specific antibody accelerates 
significantly the clearance of viruses from the 
. blood. 

MATERIAL AND METHODS 

Preparation of labeled virus suspensions 

Vesicular stomatitis virus. The virus was grown 
on HeLa cells, which had been cultivated for 6 
to 8 days in Eagle's medium containing 10% 
horse serum, which was replaced by a Tris 
buffered synthetic medium for the experiment. 
The P»2 sodium phosphate (Squibb phosphotope) 
was added to the medium, either simultaneously 
with or 24 hr before virus inoculation. From 20 
to 80 mc of P«/ml of medium were used. Under 
these conditions, the cells were destroyed in 24 
to 48 hr. The culture fluid was then harvested, 
centrifuged 20 min at 6000 rpm at 4°0 to discard 
cellular debris. An equal volume of saturated 
ammonium sulfate solution was added in the 
cold to the supernatant and the pH adjusted to 
7.5. A precipitate formed while standing 24 hr 
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in the cold. The preparation was centrifuged, 
the supernatant discarded and the precipitate 
resuspended in phosphate buffered saline (PBS) 
in one tenth of the original volume. This prepara- 
tion was dialyzed in the cold 48 hr against 0.9% 
saline. It was then centrifuged in the Spinco 
ultracentrifuge at 40,000 rpm for 1 hr. The 
pellet was resuspended in the same volume of 
PBS. This preparation was centrifuged at 6000 
rpm for 20 min and the process repeated until 
the final product was completely clear. The 
amount of radioactivity which could be specifi- 
cally attributed to VSV in the final preparation 
was determined by precipitation with rabbit 
antiserum prepared against VSV. This anti- 
serum was prepared in rabbits immunized with 
VSV grown in embryonated eggs. The antiserum 
was used either undiluted or diluted 1:10, and 
nonnal rabbit serum was used as a control 
Equal volumes of the purified VSV preparation , 
and rabbit serum were mixed and incubated 
for 1 hr at 37°C, the mixture was then kept in 
the cold for 12 hr and centrifuged at 2500 rpm 
for 15 min. The radioactivity of the precipitates 
was measured with a Geiger Muller counter and 
compared to that of the supernatant in order to 
determine the amount of radioactivity specifically 
precipitable by the immune serum. This was 
corrected for the very small amount of activity 
which was precipitated by the normal, non- 
immune rabbit serum under these experimental 
conditions. Ten preparations were made of Pay- 
labeled VSV. Their content of Psrlabeled virus 
varied from 25 to 66%. Most preparations 
contained around 40% Parlabeled virus. Two 
preparations were selected for studies in mice — 
one unusually rich in labeled virus (containing 
66%) and another, more representative of our 
usual experience with this technique, containing 
37% of P M specifically precipitable by the immune 
serum. 

- Newcastle disease virus. The NDV virus, strain 
Beaudette, heat stable variant, which had been 
kindly given us for these studies by Dr. Allan 
Granoff, Publio Health Research Institute of the 
City of New York, was used in this study. The 
virus was cultured on chick embryo liver and 
lung cell monolayers grown in horse serum yeast 
extract lactalbumin medium. Preliminary titra- 
tion, gave infective titers of approximately 
10 - " 7 for the virus preparations. P32 phosphate 
was added to the cell cultures after 24r-48 hr 



incubation; 10 to 60 ^c/ml of culture medium 
were used. After 24 hr incubation, the cells j 
were inoculated with virus. Then, after 72 hr 
of further incubation at 37°C visible cellular 
destruction was about 50%. The culture fluid 
was harvested and centrifuged at 3500 rpm for 
30 min to discard the cellular debris. The super-: ! 
natant was then centrifuged in the Spinco 
ultracentrifuge at 30,000 rpm for 30 min. The r 
pellet was resuspended in 10% of the original 
volume of PBS, pH 6, containing 0.2% gelatin. 
This preparation was then dialyzed for 24 hr in 
the cold against 0.9% saline. The radioactive 
virus suspension was purified according to the 
technique described by Franklin et al (14), ) 
making use of the property of NDV of selective 
adsorption on and elution from chicken red cells. 
Fresh chicken erythrocytes were washed three 
times in PBS, pH 6, containing 0.2% gelatin. 
Packed red cells were added to the labeled virus 
suspension to make 10% red ceils by volume. 
After mixing, the virus red cell suspensions were 
left for 20 min at 4°C for adsorption to take 
place; the erythrocytes were then centrifuged 
and washed three times in the cold in PBS at 
pH 6 (2000 rpm for 5 min). The red cells were 
then resuspended in the same [volume of Tris 
saline gelatin pH 7.8 and incubated at 37°C 
in a water bath for 20 min to allow for the 
elution of the virus to take place. After elu- * 
tion, the red cells were discarded by centri- 
fugation at 2000 rpm for 5 min and the super- 
natant was again centrifuged for 15 min at ' 
4000 rpm to eliminate any ghost cells. The first 
supernatant of the red cell adsorption was again 
treated with chicken erythrocytes and the same > 
process repeated to increase the yield of purified 
virus. After purification by this technique, the 
radioactivity of the preparation was considered 
to represent pure virus. 

Animal experiments ^ 

White Swiss Webster male and female mice 
weighing 25-30 g were used. All mice were 
injected i.v. with 0.1 to 0.25 ml of a solution of 
heparin containing 1000 USP units/ml to avoid 
any intravascular clotting. Five minutes later, 
the virup preparations were injected in the tail 
veins in a maximal volume of .0.5 ml. A calibrated ; 
glass pipet was used to withdraw 0.05-ml blood 
samples from the retroorbital veinous plexus at 
various time intervals after injection. The blood 
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samples were spread on filter paper, cemented 
on glass slides and the radioactivity measured 
with a Geiger Muller counter, keeping the geome- 
try constant. In the case of NDV, some animals 
were injected i.v. 6 hr previously with 0.25 ml 
of Thorotrast (thorium dioxide, 25% by volume, 
Testagar, Detroit). Other mice were injected 
with 0,5 ml of anti-NDV serum before the i.v. 
injection of the virus. (This serum was prepared 
_byJDr. Granoff in sheep against NDV, C strain, 
and kindly given to us for this experiment.) The 
animals were, sacrificed generally between 15 
and 30 min after the injection of the labeled 
virus, and the liver, spleen, kidneys and lungs 
were analyzed for radioactivity. Their organs 
were digested in 10% NaOH in a boiling water 
bath. One-tenth milliliter of the digestion 
mixtures were then spread on filter papers 
cemented on glass slides and the radioactivity 
measured as above and related to the amount of 
radioactivity injected. Livers of mice injected 
with NDV were fixed in formalin and micro- 
autoradiographs were made using Kodak, Ltd. 
AR-10 film stripping. 

RESULTS 

The results of experiments performed on three 
mice injected with a Pas-labeled VBV preparation, 
which contained 66% of radioactivity specifically 
precipitable by immune serum, are presented in 
Figure. 1. The clearance curve represents the 
mean value of three experiments. The radioactiv- 
ity disappeared from the blood at a very rapid 



rate. It decreased according to an exponential 
function of time, K 0.380, for the first 3 min 
and until only 8% of the injected radioactivity 
remained in the blood. Then, a second phase of 
slower clearance was observed. Analysis of the 
organs revealed that around 70% of the radio- 
activity was concentrated in the Ever and around 
9% in the lungs. The speed of clearance of 90% 
of the preparation indicates that the efficiency 
of removal by the liver is of the same order of 
magnitude as that reported for efficiently cleared 
particles, such as chromium phosphate or 
denatured proteins, in mice (3, 4). In Figure 2, 
the results of experiments performed with a 
preparation containing only 37% precipitable 
radioactive virus are presented. One curve shows 
the kinetics of blood clearance of mice injected 
with such a preparation and another curve the 
results obtained when the supernatant from the 
precipitation of the labeled virus with antiserum 
is injected. The clearance of the purified virus 
again was quite rapid, but already began to lose 
its exponential character at the level of 25 to 
30% of the initial blood concentration. Fifty-six 
per cent of the radioactivity was recovered in 
the liver. When the supernatant, which does not 
contain labeled virus, was injected, the clearance 
was much slower, and a considerably larger level 
of radioactivity remained in the circulation at 
the end of 20 min. The amount recovered in the 
liver also was much smaller, only 21%. 

From this experiment, it can be seen that from 
a preparation poorer in virus content, VSV is 
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Figure 1. Kinetics of blood clearance of P32 labeled VSV injected intravenously in mice {66% pre- 
cipitable by specific immune serum). Recovery of radioactivity in various organs 15 min after injection. 
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Figure 2. Kinetics of blood clearance of P 8 * labeled VSV injected intravenously in mice (37% pre- 
cipitable by specific immune serum) and of the supernatant of precipitation with immune serum. Re. 
covery of radioactivity in various organs 20 min after injection. 
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Figure 8. Kinetics of blood clearance of Pas labeled NDV injected intravenously in mice. Effect of 
Thorotrast blockade, of incubation with specific antiserum and of previous injection of specific anti- 
serum before the virus injection. 



still removed efficiently by the liver Kupffer cells. 
We can also conclude that some other cellular 
material from HeLa cells, which contained Pre 
and was isolated with the virus because of 
similar physicochemical characteristics, is also 
phagocytked by the RES. 

The results of blood clearance of Psrlabeled 
NDV are presented in Figure 3. Each curve 
represents the average values of several mice: 
NDV alone, six mice; NDV in mice injected 
previously with antiserum, five mice; NDV in 



Thorotrast treated mice, two animals; NDV" 
incubated with antiserum, two mice. 

As in the case of VSV, the blood clearance of 
Pra labeled NDV was very rapid, but reveals an 
inhomogeneity in the material. The blood 
clearance was almost completely blocked in 
mice previously injected with Thorotrast. In 
mice previously injected with anti-NDV serum, 
the initial speed of clearance was not faster 
than that observed in mice injected with virus 
alone. However, the clearance remained rapid 
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TABLE I 

Distribution of radioactivity among various organs 
of mice injected intravenously with P32 labeled 
NDV and previously treated with Thorolrast or 
with specific antiserum* 



Animals 


Liver 


Spleen 


Kidney 


Lungs 


8 NDV alone 


56 


1.8 


2.4 


6.2 




(47-66) 








-3-Thorotrast + NDV 


26.3 


4.2 


3.8 


19.7 




(21-34) 






(17-24) 


3 NDV incubated 


66 


1.2 


0.6 


0.4 


with antibody 


(60-72) 








5 NDV in mice in- 


58.6 


2 


1.1 


1 


jected with anti- 


(53-62) 








body 











* Values refer to percentage of injected radio- 
activity. 

for a longer period of time and significantly 
lower blood concentrations were observed at 15 
to 20 mill. When NDV virus was incubated with 
antiserum for 30 min, the rate of clearance was 
much more rapid from the start and approached 
the maximal clearance rate that can be expected 
for material removed by the liver Kupffer cells 



with maximal efficiency (K = 0.35). After 5 min, 
the speed of clearance decreased in the case of 
this preparation also, showing that all the 
preparation was not treated in the same way by 
the phagocytic cells. 

The results of analysis of the organs injected 
with P fi2 labeled NDV are presented in Table I. 
They agree with the results of the blood clear- 
ances. All animals receiving either NDV or NDV 
with antibody had more than 50% of the injected 
radioactivity hi their livers when sacrificed; the 
highest values were observed in animals injected 
with NDV incubated with antibody. Hie mice 
which received Thorotrast and which had, when 
sacrificed, over 60% of the injected radioactivity 
in their circulation, showed a greatly decreased 
liver uptake and a high concentration of t virus 
in the lung, part of it being accounted for by the 
blood these organs contained. 

Figure 4 represents a microautoracliograph of 
the liver of a mouse injected with P 32 labeled 
NDV, showing the concentration of the radio- 
activity in a Kupffer cell. Several such Kupffer 
cells could be seen in the section; however, 
many Kupffer cells did not show radioactivity 
indicating that although the amount of virus 




Fiyuie 4. Microautoradiography of the liver, of a mouse injected intravenously with P35 labeled 
NDV and sacrificed 30 min later. Magnification, X 800. 
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injected was high as far as infective dosage is 
concerned, it was very small in terms of the 
capacity of the clearance mechanism. This was 
also confirmed by the fact that identical clearance 
curves were observed when the amount of P«s- 
labeled virus injected into mice was decreased 
or increased by a factor of 2. 

discussion 

P 32 -labeled VSV and NDV have be£n shown 
to be cleared very efficiently by the RES when 
injected into mice. The viruses were found to be 
highly concentrated in the liver and, in the case 
of NDV, it was demonstrated to be within 
Kupffer cells by autohistoradiography. Although 
the method of preparation and purification of 
P 32 labeled VSV did not produce a preparation 
that was more than 66% pure virus, the amount 
recovered in the liver and the rapid clearance 
shows that the study of the radioactivity in the 
blood and in the organs is indeed a true indication 
of the fate of the virus particles. This problem 
did not present itself in the case of NDV which 
had been purified by adsorption-elution on 
chicken eiythrocytes. "With both virus prepara- 
tions, whereas in the first stages the greatest 
part of the radioactivity disappeared with a first 
order rate, there was always a residual radio- 
activity which tended to circulate for a longer 
period of time. The reason for this persisting 
activity is not clear and may be clue to smaller 
viral particles or less phagocytizable particles. 
Persisting circulating bacteria have also been 
observed during the clearance of bacterial 
suspensions from the blood by the RES. The 
efficiency with which most of the virus was 
removed from the blood by the liver Kupffer cells 
in the first stage was very high especially for 
VSV and NDV incubated with antiserum. The 
rate of clearance in both cases was of the order 
of magnitude observed for particles cleared with 
the maximum degree of efficiency by liver 
Kupffer cells (3, 4). As expected, a blockade of 
the phagocytic function of the RES by Thorotrast 
was very efficient in decreasing the rate of 
clearance of NDV in mice; only a small percent- 
age of the injected radioactivity was then found 
in liver Kupffer cells. The effect of specific 
anti-NDV serum was, however, more difficult 
to interpret. Incubation of the virus suspension 
with the antiserum in vitro for H hr did not 
result in visible flocculation. Yet, the rate of 



clearance from the blood was significantly faster 
than that observed, with NDV alone. It is 
possible that antibodies caused larger aggregates 
of viruses. Larger aggregates are known to be 
phagocytized more efficiently by the reticuloendo- 
thelial cells than smaller particles (4). When 
antibody is injected into the mice previous to the - 
virus, the rate of clearance is not immediately 
increased, but ultimately NDV is cleared from 
the blood more efficiently than without antibody, 
since the level of blood radioactivity is signifi- 
cantly lower at 20 min. 

Although VSV and NDV aro noninfectious 
for mice, clearance of viruses from their blood 
was used as a model to study the behavior of 
virus particles of that size. The amount of virus 
injected, although very small compared to the 
clearance capacity of the RES, was very large 
in term of infective dose. 

These experiments illustrate the role which 
the phagocytic system may play in viremia and 
a possible effect of antibodies in this defense 
mechanism. 

Although adsorption onto and penetration of 
susceptible cells by animal viruses is a highly 
selective and presumably specific process, the 
virus particles are treated by the macrophages 
of the RES like other colloidal particles suscep- 
, tible to be phagocytized. 

SUMMARY 

Vesicular stomatitis virus (VSV) and Newcastle 
disease virus (NDV) were grown with P^-contain- 
ing media. P 52 -labeled VSV was purified by 
ammonium sulfate precipitation and differential 
centrifugation, and NDV by the adsorption- 
elution technique with erythrocytes. Both virus 
preparations were shown to be cleared from the 
blood by the reticuloendothelial cells of the 
liver when injected intravenously. In the case 
of NDV, it was observed that previous blockade 
with Thorotrast slowed the rate of clearance of 
the virus, whereas treatment with specific 
antiserum increased the rate of clearance signifi- 
cantly."^ 
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Lentiviral vectors can stably transduce dividing and nondividing cells in vivo and are best suited to 
long-term correction of inherited liver diseases. Intraportal administration of lentiviral vectors 
expressing green fluorescent protein (Lenti-GFP) in mice resulted jn a higher transduction of 
nonparenchymal cells than hepatocytes (7.32 ± 3.66% vs 0.22 ± 0.08%, respectively). Therefore, 
various treatments were explored to increase lentiviral transduction of hepatocytes. Lenti-GFP was 
injected into the common bile duct, which led to transduction of biliary epithelium and 
hepatocytes at low efficiency. Transient removal of the sinusoidal endothelial cell layer by 
cyclophosphamide to increase accessibility to hepatocytes did not improve hepatocyte trans- 
duction (0.42 ± 0.36%). Inhibition of Kupffer cell function by gadolinium chloride led to a 
significant decrease in GFP-positive nonparenchymal cells (2.15 ± 3.14%) and a sevenfold increase 
in GFP-positive hepatocytes compared to nonpretreated mice (1.48 ± 2.01%). These findings 
suggest that sinusoidal endothelial cells do not significantly limit lentiviral transduction of 
hepatocytes, while Kupffer cells sequester lentiviral particles thereby preventing hepatocyte 
transduction. Therefore, the use of agents that inhibit Kupffer cell function may be important for 
lentiviral vector treatment of liver disease. 

Key Words: lentiviral vectors, gene transfer, GFP, liver, hepatocytes, Kupffer cells, 

sinusoidal endothelial cells 



Introduction 

Lentiviral vectors are able to deliver genes into a wide 
variety of both dividing and nondividing cell types in 
vivo, such as muscle, retina, neurons, pancreatic, and 
liver cells [1-5]. This property makes them an attractive 
tool for in vivo treatment of genetic liver disorders. 
Unfortunately, when lentiviral vectors are injected into 
the circulation, the majority of cells that are transduced 
in the liver are of nonparenchymal origin, notably 
endothelial cells and Kupffer cells [6-9]. Since many 
inherited liver diseases have an impaired hepatocyte 
function, improved lentiviral particle delivery to 
hepatocytes is a requirement. 

Recently it has been shown that, in vitro, primary 
hepatocytes are efficiently transduced by lentiviral 
vectors [10-12]. However, in vivo transduction is much 
less efficient. We therefore investigated if there is a barrier 



that prevents efficient hepatocyte transduction in vivo. 
Several factors may cause preferential transduction of 
nonparenchymal cells. 

The sinusoidal endothelium forms a barrier between 
the blood and the hepatocytes and may hamper passage 
of viral particles to the hepatocytes. Cyclophosphamide 
is an alkylating agent that has been used in cancer 
therapy [13] and also inhibits tumor growth by damag- 
ing the tumor vasculature [14]. Endothelial cells are 
relatively susceptible to cyclophosphamide-induced tox- 
icity [15] and the drug has been shown to disrupt the 
endothelial cell layer in the sinusoids of the liver 
[16,17]. 

The liver is able to clear viruses such as vesicular 
stomatitis virus [18], simian immunodeficiency virus 
[19], and adenoviruses [20] efficiently from the blood- 
stream. In the liver, specialized macrophages called 
Kupffer cells are located inside the sinusoids and play 
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an important role in the clearance of these viruses. 
Vesicular stomatitis virus G-protein (VSV-G)-pseudo- 
typed lentiviral vectors may also be efficiently cleared 
from the circulation by Kupffer cells. It has been shown 
that agents such as gadolinium chloride (GdCl 3 ) can 
block phagocytosis and eliminate macrophages transi- 
ently [21] and can increase adenoviral transduction [22]. 
Selective depletion of these cells led to a higher and 
prolonged transgene expression after transduction with 
adenoviral vectors [23]. 

In addition to the ability of Kupffer cells to scavenge 
viral particles, Kupffer cells are also transduced them- 
selves by VSV-G-pseudotyped lentiviral vectors [7,9]. 

The most common routes of administration to target 
lentiviral vectors to the liver are the portal vein and tail 
vein [9,24-27]. Adenoviral vector administration has 
been performed via the common bile duct in rats and 
resulted in efficient transgene expression in hepatocytes, 
but not in biliary epithelial cells [28]. In addition, it may 
be possible to administer lentiviral vectors via the 
common bile duct to avoid many of the above-men- 
tioned barriers in sinusoids and to target viral particles 
exclusively to the liver. A drawback of this approach is 
the potential toxic effect of bile on the lipid-enveloped 
lentiviral particles. 

The objective of this study was to improve lentiviral 
transduction of hepatocytes by exploring an alternate 
route of administration, by disruption of the sinusoidal 
endothelial cell layer, and by depletion of Kupffer cells. 
We show that by intraportal vein delivery of lentiviral 
vectors the majority of transduced liver cells are of 
nonparenchymal origin. Administration of lentiviral 
vectors via the common bile duct led to exclusive 
transduction of bile duct epithelium and some hepato- 
cytes, but at low efficiency. Mild disruption of liver 
sinusoidal endothelial cells did not lead to an increase 
in hepatocyte transduction, while Kupffer cell depletion 
led to a significant increase in the transduction effi- 
ciency of hepatocytes. 

Results 

Lentiviral Transduction of the Liver by Bile Duct 
Administration 

We infused animals with 0.5 x 10 8 HeLa transducing 
units (HTU) into the bile duct, which led to GFP-positive 
epithelium throughout the biliary tract (Fig. 1A). The 
total number of GFP-positive cells in these livers (Fig. IB) 
was much lower than in the animals injected intra- 
portally. Only a small part of the GFP-positive cells were 
hepatocytes, most of them were localized in the peri- 
portal areas (Fig. IB). No endothelial cells or Kupffer cells 
were transduced. No splenocytes were GFP positive (data 
not shown). 

We found that incubation of bile with lentivirus 
resulted in decreased transduction of HeLa cells (data 



not shown). The relatively poor transduction of liver cells 
in vivo may be caused by inactivation of the lipid- 
enveloped lentiviral particles by the strong detergent 
action of bile, although we chose conditions to minimize 
the toxicity of bile, such as depletion of bile for 1 h and 
dissolving the lentiviral preparations in a relatively large 
volume (300 \xl) to dilute residual bile in the biliary tract. 

Lentiviral Transduction of Liver by Portal Vein 
Injection 

In mice intraportally injected with 0.5 x 10 8 HTU, 
we observed transduction of hepatocytes and non- 
parenchymal cells (Fig. 2A). The total number of 
hepatocytes transduced in the liver was 3.16 ± 
1.11/mm 2 (n = 7) 1 week after injection (Table 1). 
This represents about 0.22 ± 0.08% of the total 
hepatocyte population. The number of GFP-positive 
nonparenchymal cells was more than 20 times higher 
(70.27 ± 35.1 1/mm 2 , n = 7), which is comparable 
with other studies [6]. GFP-positive splenocytes were 
observed (data not shown). 

Liver Sinusoidal Endothelial Cell Disruption 

Animals treated with cyclophosphamide were analyzed 
for damage of sinusoidal endothelial cells with electron 
microscopy. Fig. 3 shows the variable degree of 
endothelial cell disruption in a cyclophosphamide- 
treated animal compared to a control animal. The 
endothelial lining is not intact at some places, whereas 
at other places the space of Disse (the area between the 
endothelial cells and hepatocytes) is dramatically, 
enlarged. Other than the endothelial cell disruption, 
the morphology of the liver was normal. 

Effect of Cyclophosphamide on Lentiviral 
Transduction in Vitro 

Transduction of Hepa 1-6 mouse hepatoma cells was 
not affected by cyclophosphamide in vitro (data not 
shown). Cells incubated with cyclophosphamide for 24 
h and. subsequently incubated with lentivirus were 
transduced as efficiently as untreated cells. Therefore, 
cyclophosphamide did not seem to have a direct 
deleterious effect on lentiviral transduction. 

Lentiviral Transduction of Liver by Portal Vein 
Injection after Cyclophosphamide Treatment . 
Upon treatment of mice with cyclophosphamide, the 
number of transduced hepatocytes and nonparenchymal 
cells did not change significantly (6.09 ± 5. 19' and 95. 12 ± 
71.76/mm 2 , respectively) compared to nonpretreated 
animals (Table 1). Additionally, there was no significant 
difference in the percentage of GFP-positive hepatocytes 
of the total number of GFP-positive cells in cyclophos- 
phamide-treated animals (5.19 ± 2.73%) compared to 
nonpretreated animals (5.27 ± 2.78%, Table 1). GFP- 
positive splenocytes were observed (data not shown). 
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TABLE 1: GFP-positive cells in liver sections 





No pretreatment (n = 7) 


Cyclophosphamide (n = 5) 


GdCI 3 (n = 7) 


CFP-positive hepatocytes 3 


3.16 ± 1.11 


6.09 ± 5.18 


21.43 ± 28.85* 


GFP-positive nonparenchymal cells 3 


70.27 ± 35.1 1 


95.12 ± 71.76 


20.65 ± 30.13* 


Percentage GFP-positive hepatocytes 5 


5.27 ± 2.78% 


5.19 ± 2.73% 


51.01 ± 16.12%** 



GFP-positive cells were counted in liver sections of animals injected intraportally with Lenti-CFP. Mean values are presented ± SD. 

* GFP-positive cells per mm 2 . 

b Percentage of GFP-positive hepatocytes of total number of GFP-positive cells in the liver. 

* Significant difference compared to nonpretreated group: P < 0.05. 
** Significant difference compared to nonpretreated group: P £ 0.001 . 



Lentiviral Transduction of Liver by Portal Vein 
Injection after Kupffer Cell Blockage of Phagocytosis 
It has been shown that the majority of lentiviially 
transduced cells in the liver may be Kupffer cells [7]. We 
also found that most of the GFP-positive nonparenchy- 
mal cells were positive for the Kupffer cell marker F4/ 
80 (Fig. 4). Therefore we ablated Kupffer cells before 
lentiviral injection to determine the effect of this 
treatment on hepatocyte transduction. We performed 
transient ablation of Kupffer cells by two injections of 
GdCl 3 (10 mg/kg) at 30 and 6 h before transduction 
[21]. 

We assessed depletion of Kupffer cells by injection of 
India ink in a parallel group of mice that was treated 
identically. In control animals there was a clear accu- 
mulation of black pigment in the Kupffer cells localized 
in the sinusoids, while this was largely absent in GdCl 3 - 
treated mice (Fig. 5). 

Analysis of liver sections revealed that Kupffer cell 
depletion increased the number of GFP-positive hepa- 
tocytes approximately seven times (21.43 ± 28.85/mm 2 , 
n = 7, P < 0.05) compared to animals with no 
pretreatment (3.16 ± 1.11/mm 2 ). Kupffer cell depletion 
reduced the number of nonparenchymal cell trans- 
duction by about 70% to 20.65 ± 30.13/mm 2 (n = 7, 
P < 0.05). The percentage of GFP-positive hepatocytes 
of the total number GFP-positive cells significantly 
increased from 5.27 ± 2.78% in nonpretreated animals 
to 51.01 ± 16.12% in GdCl 3 -treated mice (P < 0.001, 
Table 1). We also observed GFP-positive splenocytes 
(data not shown). 

Quantitative PCR of Lentiviral Integrations 

We analyzed the total number of viral integrations in 

animals injected with lentivirus by quantitative PCR on 



genomic DNA isolated from the anterior right lobe of 
the liver (Table 2). The genomic integration percentage 
in nonpretreated animals was 10.54 ± 5.34% and there 
was no significant difference from cydophosphamide- 
treated mice (6.22 ± 3.71%). The number of genomic 
integrations significantly decreased after GdCl 3 treat- 
ment (2.40 ± 1.80%, P = 0.003, Table 2). These data 
confirm our microscopic findings. 

Alanine Aminotransferase Activity after Lentiviral 
Injections 

Intraportal injection of lentivirus caused modest and 
transient increase in serum alanine aminotransferase 
(ALT) levels (Table 3) in nonpretreated, cyclophospha- 
mide-treated, and GdCl 3 -treated animals. However, the 
rise in ALT was not significant in GdCl 3 -treated 
animals. At day 7 ALT levels returned almost back to 
normal. 

Discussion 

The main aim of liver-directed gene therapy is to transduce 
sufficient numbers of hepatocytes, because in nearly all 
disorders this is the cell type that needs to be corrected. 
Thus far, in most studies that made use of lentiviral 
vectors, the route of administration was either the portal 
vein or the tail vein [9,24-26]. In the present study we 
wished, to optimize hepatocyte transduction. For this, 
purpose we used the third-generation lentiviral vector 
that we have previously described [10]. Given the fact that 
the percentage of hepatocytes transduced by this and 
other lentiviral vectors is low, we tested various treatments 
to increase targeting to the hepatocyte. We chose to use a 
dose of 0.5 x 10 8 HTU to demonstrate the mechanism 
without saturation of the reticuloendothelial system. 



FIC. 1. CFP expression in the liver after bile duct infusion of lentiviral vectors. Fluorescence microscopy of tissue sections of mice injected with 0.5 x 10 8 HTU 
lentiviral vectors in the common bile duct. A small number of cells were transduced, consisting of bile duct epithelium (yellow arrowheads) and hepatocytes 
(white arrowheads). (A) Bile duct (B) Liver. Both at 20 x original magnification,. 

FIG. 2. CFP expression in the liver after portal vein injection of lentiviral vectors. Fluorescence microscopy of liver sections 1 week after intraportal injection of 
0.5 x 10 8 HTU lentiviral vectors. Hepatocytes (white arrows) and nonparenchymal cells (yellow arrows) in the liver of mice were CFP positive. Nuclei were 
stained with DAPI. (A) No pretreatment (B) Cyclophosphamide treatment (C) GdCI 3 treatment (D) Negative control (no lentivirus). All 10x original 
magnification. (E, F) No pretreatment 40 x original magnification. 
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FIC. 3. Electron microscopy of livers of cyciophospha- 
mide-injected animals. (A, Q Control animals. Normal 
liver morphology: hepatocytes and the fenestrated 
lining of the sinusoidal endothelial cells are intact 
Arrows point to the space of Disse and microvilli of 
hepatocytes. (B, D) Animals treated with cyclophos- 
phamide show variable degrees of disruption of the 
endothelial lining. Endothelial cells are detached from 
the hepatocytes, leading to a widening of the space of 
Disse. Bar denotes 1 iim. 




To reduce Kupffer cell and endothelial cell trans- 
duction, we injected virus into the common bile duct, 
which led to transduction of hepatocytes and also of 
biliary epithelium. However, overall transduction effi- 
ciency by retrograde infusion of lentiviral vector into the 
biliary tract was low. 

Inactivation of lentiviral vectors by bile (data not 
shown) might play a role in the low transduction 
efficiency. It could also indicate that the virus did not 
reach the bile canuliculi, because the majority of GFP- 
positive hepatocytes were located in portal tracts. 

Hence, retrograde perfusion may reduce transduction 
of Kupffer cells and sinusoidal endothelial cells. In 
addition, extrahepatic transduction was reduced as 
well, which was determined by the disappearance of 
splenocyte transduction compared to animals injected 
into the portal vein (data not shown), but the efficiency 
of hepatocyte transduction is too low for therapeutic 
use. 

Viral particles have to travel through the fenestrae 
of the liver sinusoidal endothelial cells to arrive in the 
space of Disse, before the particles can enter the 
hepatocytes. The size of the endothelial fenestrae is 
variable between 100 and 200 nm [29-32], which may 
form a physical barrier for HIV-derived lentiviral 



particles to pass through, because the size of HIV-1 
particles has been estimated to be between 120 and 
200 nm [33]. 

Disruption of sinusoidal endothelial cells by cyclo- 
phosphamide has been shown to improve grafting of 
transplanted liver cells [16]. We reasoned that it might 
similarly improve lentiviral transduction of hepatocytes. 
However, the effect of disruption of the sinusoidal 
endothelial lining on hepatocyte transduction was 
limited. The number of GFP-positive hepatocytes 
increased, but this was not significant (Table 1) and 
represented less than 0.5% of the total hepatocyte 
population. The total number of genomic integrations 
determined by quantitative PCR only decreased by 
approximately 30% compared to nonpretreated ani- 
mals, which confirmed the cell counting (Tables 1 
and 2). Our results therefore indicate that the endothe- 
lial layer is not a major obstacle to lentiviral hepatocyte 
transduction. 

Kupffer cells are involved in the phagocytosis of 
foreign particles, such as viruses. GdCl 3 has been used 
in many studies to block Kupffer cell-mediated phagocy- 
tosis and deplete these cells transiently [20-22]. 

Kupffer cells may not only scavenge viruses, but are 
also highly prone to viral infection [7,9]. Indeed, we 
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FIG. 4. Kupffer cells and viral transduction 
after portal vein injection of lentiviral vec- 
tors. Demonstration of CFP-positive Kupffer 
cells by colabeling with the Kupffer cell 
marker F4/80. Left (A, D, G): GFP expres- 
sion. Middle (B, E): KC marker expression. 
(H) Negative control F4/80 staining, secon- 
dary antibody only. Right (C, F, I): merge. 
All 40 x original magnification. The majority 
of GFP-positive cells costained for the KC 
marker. GFP-positive Kupffer cells (yellow 
arrowheads). CFP-negative/KC marker- 
positive cells (red arrowheads). 



observed that the majority of GFP-positive nonparenchy- 
mal cells were positive for the Kupffer cell marker F4/80. 

Injection of GdQ 3 led to inactivation of the func- 
tion of Kupffer cells as shown by histochemical analysis 
(Fig. 5). Inactivation of Kupffer cells by GdCl 3 signifi- 
cantly decreased the transduction percentage of non- 
parenchymal cells from 7.32 ± 3.66% in nonpretreated 
mice to 2.15 ± 3.14%, indicating that the majority of 
nonparenchymal cell transduction was due to Kupffer 
cell transduction. Simultaneously, the number of trans- 



duced hepatocytes increased significantly- by a factor of 
7, which represents approximately 1.48 ± 2.01% of the 
total hepatocyte population. 

The most straightforward interpretation of these 
results is that the Kupffer cells scavenge most viral 
particles before they reach the hepatocytes. Elimination 
of this scavenger function dramatically increases 
hepatocyte transduction. 

Kupffer cell depletion led to 80% decrease in the 
number of viral integrations as assessed by quantitative 




FIG. 5. Kupffer cell depletion by GdCI 3 treatment in 
mice. Histochemistry of ink-injected control and 
GdCI 3 -treated mice. In animals treated with GdCI 3 
the number of Kupffer cells is lower compared to 
animals without GdCl3. Kupffer cells (white arrow- 
heads). (A) Nonpretreated animal injected with ink. 
(B) Animal treated with GdCl 3 and ink. Both 40x 
original magnification. 
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TABLE 2: Quantitative PCR of genomic DNA 

No pretreatment (n = 8) Cyclophosphamide (n = 5) CdCI 3 (n = 6) 
Proviral integrations 10.54 ± 5.34 6.22 ± 3.71 2.40 ± 1.80* 

Number of provira! integrations per 100 genomes In the liver determined by quantitative PCR of genomic DNA. 
* Significant difference compared to nonpretreated group: P = 0.003. 



PCR (Table 2). However, the same treatment reduced the 
total number of GFP-positive cells by only 40%. Hence, 
in nonpretreated livers there were more viral integra- 
tions than in the Kupffer cell-depleted state. This 
observation is again in line with the scavenging func- 
tion of the Kupffer cells. If Kupffer cells function to filter 
viral particles from blood, they are expected to take up 
more viral particles per cell and multiple integrations 
probably occur in these cells. Depletion of the Kupffer 
cells allows the viral particles to spread over the more 
numerous hepatocytes. 

Kupffer cells are involved in the activation of the 
innate immune response against adenoviruses, which 
can lead to early phase hepatotoxicity [22]. The 
lentiviral vector administrations in our experiments 
induced mild but significant elevations of ALT in 
nonpretreated animals and cyclophosphamide-treated 
animals (Table 3). Our observation that lentivirus 
administration to Kupffer cell-depleted mice was rela- 
tively less toxic than in nonpretreated mice is in line 
with the reduced liver toxicity after adenovirus admin- 
istration with GdCl 3 treatment [22]. 

Our results confirm earlier observations that in vivo 
administration of VSV-G-pseudotyped lentivirus can 
cause a modest but transient hepatotoxicity, with high 
variability between animals [34], which was also observed 
in all our treatment groups. 

A drawback of the use of lentiviral vectors may be 
that these vectors could integrate in active cellular genes 
[35] and activate potential oncogenes. Because the 
proliferative activity of hepatocytes is approximately 
about 0.005 to 0.05% in vivo [36], the likelihood of 
tumorigenesis by a single integration is probably very 
low. 

In conclusion, we have shown that Kupffer cells play 
an important role in limiting lentiviral hepatocyte 
transduction by sequestration of viral particles. To treat 



inherited liver diseases in the future, the inclusion of 
agents that block Kupffer cell activity or even eliminate 
these cells from the liver prior to gene transfer should be 
considered. 



Materials and Methods 

Lentiviral vector production. The lentiviral vector prrlcpptpgkgfppressin 
containing the hepatitis B virus posttranslational regulatory element, 
central polypurine tract, and phosphoglycerate kinase promoter driving 
GFP expression was used as described earlier [10]. 

I^ntiviruses were produced as described by transient transfection of 
293T cells using a calcium phosphate method, concentrated by ultra- 
centrirugation, and titrated on HeLa cells [5,37]. Cell lines were grown in 
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% 
fetal bovine serum, 0.5 units/ml penicillin, 0.5 mg/ml streptomycin, and 
2 mM L-glutamine. 

Lentiviral inactivation by bile. Lentiviral particles were incubated with 
bile for 30 rnin at 37°C, followed by transduction of HeLa cells in 2 ml 
DMEM containing'10 ng/ui DEAE-dextran (Pharmacia). After 5 days, the 
number of transduced cells was deterrxiined by flow cytometry. 

Animals, viral infections, and processing of tissues. Wild-type male FVB 
mice ages 8-12 weeks were used in all studies and fed ad libitum. All 
animal experiments were performed in accordance with the Animal 
Ethical Committee guidelines at the Academic Medical Center of 
Amsterdam. 

Mice were anesthetized with an intraperitoneal injection of FFM mix 
(2.5 mg Fluanisone/0.105 mg Fentanyl citrate/1.25 mg Midozalam HCl/kg 
in H 2 0, 7 ml/kg). Under deep anesthesia, the peritoneal cavity was 
opened and the mice were injected intraportally with a volume of 250 ul 
containing 0.5 x 10 8 HTU with a 30-gauge needle at day 0. The animals 
were sutured and received the analgesic Temgesic (20-30 ul, 0.03 mg/ml) 
subcutaneously following recovery from FFM. 

After a period of 7 days, the mice were killed by in vivo fixation. Under 
deep anesthesia, the peritoneal cavity was opened, a ligature was applied 
around the anterior right lobe of the liver and tightened, and the lobe was 
removed and snap frozen in liquid nitrogen and stored at -80°C. 
Subsequently, the animals were perfused intra cardiaUy with 20 ml of 
phosphate-buffered saline (PBS) and 20 ml of 2% formaldehyde in PBS. 
After perfusion, the liver and spleen were removed and the liver lobes were 
fixed in a 4% formaldehyde solution in PBS for 4 h at room temperature. 



TABLE 3: Analysis of liver toxicity by measurement of plasma ALT levels 







ALT 






Normal level 


Day 1 


Day 7 


No pretreatment 


41.00 ±1.73 


1 79.86 ± 260.07* 


68.00 ± 70.47 


Cyclophosphamide 


41.75 ± 7.04 


188.25 ± 229.75* 


85.25 ± 75.17 


GdCI 3 


39.71 ± 8.52 


149.67 ± 195.72 


106.71 ± 143.91 



ALT levels (U/L) in mice intraportally injected with lentivirus with and without cydophosphamide or CdCI 3 treatment ALT levels were higher in nonpretreated, cydophosphamide-treated, 
and CdCI 3 -treated animals at day 1 after viral injections. The ALT levels were lower at day 7 compared to day 1 . Mean values are presented with SD (n s 4-7). 
* Significant difference compared to normal levels: P < 0.05. 
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The tissues were transferred to a 30% sucrose solution at 4°C overnight and 
subsequently snap frozen in liquid nitrogen and stored at -80°C. 

Before cryosectioning, tissue was embedded in Tissue-Tek OCT 
medium (Bayer). Sections (6 *im) were laid on poly-L-lysine-coated glass 
slides and enclosed in mounting medium ((20 mg 1,4-diazabicy- 
clo[2.2.2]octane (DABCO, Sigma), 0.1 M Tris/HCl, pH 8.0, in glycerol)/ 
ml) containing 4 / ,6-diamidino-2-phenylindole (DAPI; Sigma). 

Determination of plasma alanine aminotransferase activity. Serum ALT 
levels were taken as a measure of liver toxicity induced by various 
treatments [38,39]. Blood was collected by orbital puncture 3 days before 
lentiviral vector injection, 1 day after injection, and 30 min before the 
animals were killed at day 7. ALT was measured in plasma by routine 
clinical chemistry. 

Mouse bile duct cannulation and lentiviral transduction. The animals 
were anesthetized as described above. After opening the peritoneal cavity, 
the common bile duct was clamped downstream of the gallbladder. Two 
sutures were placed around the gallbladder and an incision was made in 
the tip of the gallbladder. A catheter was placed in the common bile duct 
and one ligature was closed to keep the catheter in place. For 1 h bile was 
depleted and subsequently 300 id of 0.5 x 10 s HTU in PBS was injected in 
the catheter, which was then closed for 1 h. after viral transduction, the 
bile flow was restored by removal of the clamp. The catheter was removed 
and the gallbladder ligature placed at the start of the operation was closed, 
finally, the abdomen was closed. After 7 days, the animals were killed and 
organs were harvested. 

Cell count and statistics. GFP-positive cells were counted in sections of 
the left lobe and median lobe with an inverse microscope (Leica DMKA2; 
Leica). An independent person randomly numbered the sections and all 
counting was performed in a blinded fashion. Per animal GFP-positive 
hepatocytes were counted in five sections of nonoverlapping cell layers. 
Images of the sections were captured and surface areas were measured by 
using Leica FW4000 software to determine the number of hepatocytes per 
square millimeter. The number of hepatocytes/mm 2 was determined in 80 
times enlarged fields. This enabled us to determine the percentage of GFP- 
positive hepatocytes in the liver. 

GFP-positive nonparenchymal cells were counted in a 20 times 
magnification field and were adjusted to nonparenchymal cells per square 
millimeter. The transduction percentage of nonparenchymal cells was 
determined by the assumption that hepatocytes represent 60% of the cells 
in the liver [40]. 

Statistical analyses were performed using SPSS10.0 software and 
significant difference was considered if P < 0.05 determined by Mann- 
Whitney U test. 

Disruption of the sinusoidal endothelial cell layer. Disruption of sinus- 
oidal endothelium was performed by injecting 200 mg/kg body weight 
cyclophosphamide in H z O [16] (Endoxan, Baxter, Utrecht, The Nether- 
lands) intraperitoneally 24 h before lentiviral vector injection. 

Effect of cyclophosphamide on lentiviral transduction efficiency in vitro. 
To determine the effect of cyclophosphamide on lentiviral transduction 
efficiency Hepa 1-6 mouse hepatoma cells were transduced with 
lentivirus in a volume of 2 ml medium for 4 h in the presence or absence 
of cyclophosphamide. We assumed that 0.2 mg/g in vivo was equal to 0.2 
mg/ml in vitro. Cells were incubated with serially diluted cyclophospha- 
mide from 1 to 0 mg/ml. In addition, Hepa 1-6 mouse hepatoma cells 
were also cultured with cyclophosphamide for 28 h, with subsequent 
incubation of lentivirus for the last 4 h. Flow cytometry for gfp was 
performed 5 days later to determine the transduction efficiency. 

Kupffer cell blockage of phagocytosis. For Kupffer cell blockage of 
phagocytosis and partial depletion from the liver, mice were injected 
intravenously with 10 mg/kg gadolinium chloride (5.65 mg/ml gadolinium 
chloride hexahydrate containing 4 mg/ml gadolinium chloride; Sigma) per 
body, weight at 30 and 6 h [21] prior to lentiviral vector injection. 

To determine Kupffer cell phagocytotic activity and distribution of 
Kupffer cells in the liver animals were injected intravenously via the tail 
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vein with india ink (0.08 ml per 100 g body weight; Peiikan, Germany) 
[21]. Thirty minutes after injection, the animals were perfused with PBS 
and 2% formaldehyde in PBS; then, the liver was removed and incubated 
overnight in 4% formaldehyde in PBS and transferred to 70% ethanol. 
Liver tissue was dehydrated with ethanol and embedded in Paraplast Plus 
(Kendall). Sections (7 jun) were made and stained with hematoxylin and 
azophloxine. 

Immunostaining. In vivo formaldehyde-fixed, sucrose-incubated, and 
subsequently snap-frozen material was used. Sections of 6 urn were made 
and kept at -20°C before use. Sections were washed in PBS for 15 rnin and 
blocked in PBS/Tween 20 (6.05%) with 10% mouse serum for 1 h. 
Subsequently, primary antibody was incubated for 1 h at room temper- 
ature. For Kupffer cell staining, sections were incubated with rat anti- 
mouse F4/80 antigen (1:10; Serotec). After primary incubation, sections 
were washed in PBS/Tween 0.05% for 15 min, followed by incubation 
with Texas red-conjugated goat anti-rat antibody (1:500; Rockland 
Immunochemicals) for another hour at room temperature. Then the 
sections were washed for another 15 min in PBS and embedded in 
mounting medium containing DAPI. 

Electron microscopy. To determine the effect of cyclophosphamide on 
sinusoidal endothelial cells, liver tissue was prepared for electron micro- 
scopy as previously described [41]. In short, after treatment with cyclo- 
phosphamide as described above, the animal was perfused with PBS, 
followed by 2% paraformaldehyde in PBS. Small liver pieces (<1 mm 3 ) 
were made and fixed in a mixture of 1% (wt/vol) glutaraldehyde and 4% 
(wt/vol) formaldehyde in 100 mmol/L sodium cacodylate buffer (pH 7.4) 
and stored at 4°C for further use. 

Genomic DNA isolation and quantitative PCR. Genomic DNA was 
isolated using the DNeasy tissue kit (Qiagen) according to the manufactur- 
er's protocol. Quantitative PCR was performed in a Lightcycler apparatus 
(Roche) using Lightcycler Faststart DNA Master SYBR Green I (Roche) with 
2 mM MGQ 2 according to the manufacturer's protocol. The following 
primer set was used to amplify a 274-bp product: HTV-U3 forward primer, 
5'-CTGGAAGGGCTAATTCACTC-3 ; , and HIV PSI reverse primer, 5'- 
GGTTTCCCTTTCGCTTTCAG-3'. The primers amplify the integrated 
provirus only and not the transfer plasmid, thus reducing the risk of 
contamination. For every reaction 50 ng of genomic DNA was used. Three 
different PCRs were performed and averaged for every individual sample. 

PCR conditions were 95°C for 10 min and then 40 cycles as follows: 
95°C for 1 s, 62°C for 7 s, 72°C for 30 s, and 82°C for 1 s. Negative control 
sample was PCR amplification of animals not injected with lentivirus and 
amplification of PCR reagents without template. To determine the 
number of integrations per genome, Hepa 1-6 mouse hepatoma cells 
(ATCC, CRL-1830) were transduced at a low multiplicity of infection 
(14.8% GFP positive) to have approximately one integration per trans- 
duced cell. These cells were sorted to obtain a 100% GFP-positive 
population. DNA was extracted and diluted with negative DNA to make 
a standard curve ranging from 100 to 1% genomic integrations. 
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Abstract 

In recent years the idea of using gene therapy as a modality in the treatment of diseases other than genetically 
inherited, monogenic disorders has taken root. This is particularly obvious in the field of oncology where currently 
more than 70 clinical trials have been approved world-wide. This report will summarise / some of the exciting 
progress that has recently been made with respect to both targeting the delivery of potentially therapeutic genes to 
tumour sites and regulating their expression within the tumour microenvironment. 

In order to specifically target malignant cells while at the same time sparing normal tissue, cancer gene therapy will 
need to combine highly selective gene delivery with highly specific gene expression, specific gene product activity 
and, possibly, specific drug activation. Although the efficient delivery of DNA to tumour sites remains a formidable 
task, progress has been made in recent years using both viral (retrovirus, adenovirus, adeno-associated virus) and 
non-viral (liposomes, gene gun, injection) methods. In this report emphasis will be placed on targeted rather than 
high efficiency delivery, although those would need to be combined in the future for effective therapy. To date 
delivery has been targeted to tumour specific and tissue specific antigens, such as epithelial growth factor receptor, 
c-kit receptor, folate receptor,and anaerobic bacteria, and these will be described in some detail. 
To increase specificity and safety of gene therapy further, the expression of the therapeutic gene needs to be tightly 
controlled within the target tissue. Targeted gene expression has been analysed using tissue specific promoters 
(breast, prostate and melanoma specific promoters) and disease specific promoters (carcinoembryonic antigen, HER- 
2/neu, Myc-Max response elements, DF3/MUC). Alternatively, expression could be regulated externally with the 
use of radiation induced promoters or tetracycline responsive elements. Another novel possibility which will be 
discussed is the regulation of therapeutic gene products by tumour specific gene splicing. Gene expression could also 
be targeted at conditions specific to the tumour microenvironment, such as glucose deprivation and hypoxia. 
We have concentrated on hypoxia targeted gene expression and this report will discuss our progress in detail. 
Chronic hypoxia occurs in tissue which is more than 100-200 urn away from a functional blood supply. In solid 
tumours hypoxia is widespread both because cancer cells are more prolific than the invading endothelial cells that 
make up the blood vessels and because the newly formed blood supply is disorganised. Measurements of oxygen 
partial pressure in patients' tumours showed a high percentage of severe hypoxia readings (less than 2.5rnmHg); 
readings not seen in normal tissue. This is a major problem in the treatment of cancer, since hypoxic cells are 
resistant to radiotherapy and often to chemotherapy. However, severe hypoxia is also a physiological condition 
specific to tumours which makes it a potentially exploitable target. We have utilised hypoxia response elements 
(HRE) derived from the oxygen regulated phosphoglycerate kinase gene to control gene expression in human tumour 
cells in vitro and in experimental tumours. 

The list of genes that have been considered for use in the treatment of cancer is extensive. It includes cytokines and 
co-stimulatory cell surface molecules intended to induce an effective systemic immune response against tumour 
antigens which would not otherwise develop. Other inventive strategies include the use of internally expressed 
antibodies to target oncogenic proteins (intrabodies) and the use of antisense technology (antisense oligonucleotides, 
antigenes and ribozymes). This report will concentrate more on novel genes encoding prodrug activating enzymes, 
so-called suicide genes (Herpes simplex virus thymidine kinase, Escherichia coli nitroreductase, E. coli cytosine 
deaminase, thymidine phosphorylase, cytochrome P450 isoforms, deoxycytidine kinase and our initial work on the 
Clostridium acetobutylicum hydrogenase and flavodoxin), and their prospective prodrugs. Details of our work on 
placing the gene encoding cytosine deaminase under hypoxia control will be discussed. 

Key words: delivery, tissue specific, gene expression, regulation, enzyme-prodrug therapy 



The original goal of gene therapy was to correct a 
genetic disorder by inserting a functional gene into an 
organism to replace a defective one. More recently the 
concept of using gene therapy in the treatment of diseases 
other than inherited, single gene disorders has emerged. 
Over 70 clinical trials for gene therapy of cancer have 
already started and early Phase 1 results have been 
published. Following initial cell-marking and feasibility 
studies, strategies currently under clinical investigation are 
the enhancement of tumour immunogenicity by insertion of 
cytokine or co-stimulatory molecule encoding genes, or 
direct tumour kill by insertion of tumoricidal genes, tumour 
suppressor genes, and genes encoding prodrug activating 
enzymes. The first gene therapy protocol for cancer 
treatment was approved in May 1989. Cancer patients with 
advanced melanoma were treated by reinfusion with their 
own tumour-infiltrating lymphocytes which were 
transduced with a marker gene ex vivo (Rosenberg et al, 
1990). Treatment with these gene-modified lymphocytes 
was more effective than treatment with lymphokine- 
activated killer cells; effective tumour remission with gene 
therapy was achieved in 40% of melanoma patients. 

The problem with cancer therapy is selectivity and 
specificity. It is relatively easy to design a cell cytotoxin 
which kills tumour cells in vitro. However, in order to only 
kill tumour cells in vivo and at the same time sparing normal 
tissue, a very selective strategy is necessary. The effective 
current therapies, such as ionising radiation, rely on spatial 
delivery and the increased proliferation rate of tumours in 
order to differentiate them from normal tissue. Some cancer 
gene therapy strategies rely on the same principle, but other 
means of selectively targeting tumour cells have also been 
developed which will add to tumour specificity. Cancer 
gene therapy can combine highly specific gene delivery 
with highly specific gene expression. Advances in gene 
delivery have been made using viral and non-viral methods, 
but effective and selective delivery of DNA to tumour cells 
remains a complex task due to a poor and disorganised 
bloodsupply, and high interstitial fluid pressure. In this 
report, we will concentrate on targeted rather than high 
efficiency delivery, e.g. tissue specific targeting or disease 
specific targeting. 

Another level of specificity can be added to selective 
delivery by targeting gene expression. Transcriptional 
promoters that are specifically functional in single tissues, 
or are active in specific disease states, or are induced by 
tumour specific conditions have been identified during basic 
research into cancer progression and can be utilised for 
targeted expression. 

Three basic approaches in the design of therapeutic 
genes for cancer have been undertaken: molecular 
chemotherapy, genetic immunopotentiation and mutation 
compensation. Molecular chemotherapy uses the delivery of 
a toxin gene (so-called suicide genes) to tumour cells for 
eradication, genetic immunopotentiation boosts the immune 
system to reject the tumour, and mutation compensation 
either ablates activated oncogenes or induces tumour 
suppressor gene expression. In this report we have chosen to 
concentrate on the first strategy. Two therapeutic genes 
derived from micro-organisms have been tested extensively 
in vitro and in vivo, and Phase 1 clinical trials using the 
herpes simplex virus thymidine kinase and cytosine 
deaminase encoding genes are under way. Other pro-drug 
activating enzymes are emerging in parallel to the 
development of new prodrugs for gene directed enzyme 
prodrug therapy, and we will discuss these promising new 
strategies. 



1. TARGETED DELIVERY 

Advances have been made in the transfer of foreign 
genetic material to human cells, and high efficiency delivery 
is now possible. However, targeted rather than highly 
efficient delivery is required for selective cancer gene 
therapy. Extracellular receptors and cell surface molecules 
specific to tumour cells have been identified which can be 
used to target delivery of therapeutic genes. Both viral and 
non-viral delivery vehicles have been developed for this 
purpose, including retro- and adenovirus, liposomes, 
polylysine constructs, T-cells and even bacteria. 

One of the original delivery methods was based on 
retroviral transduction, as they only infect dividing cells and 
can therefore be targeted broadly to proliferating cancer 
cells. Retrovirus constructs containing cytokine encoding 
genes were shown to inhibit metastasis formation and 
thereby reduce the tumour burden in experimental animals 
(Hurford et al., 1995). Retroviral vectors have been 
developed further to achieve selective transfection. 

To target only actively dividing cells a recombinant 
herpes simplex virus (HSV) vector was constructed which 
lacked the ribonucleotide reductase encoding gene (Carroll 
et al., 1996). Ribonucleotide reductase is only expressed in 
actively dividing cells and is essential for viral replication; 
the recombinant vector therefore has to rely on the host cell 
for the generation of deoxyribonucleotides for DNA 
synthesis. The recombinant HSV vector carrying the lacZ 
marker was shown to replicate in and kill only dividing cells 
in vitro. LacZ activity was observed only in tumour nodules 
in the liver following intrasplenic injection of the colon 
carcinoma cell line HT29 into nude mice, followed a week 
later by HSV vector intrasplenic injection. Only minimal 
lacZ activity was seen in normal liver. 

1.1 Targeted delivery: retroviral vectors with modified 
envelope proteins 

The transfer of genes by retroviral vectors is entirely 
dependent on the interaction between proteins in the viral 
envelope and suitable counter-receptors on the target cell 
surface (Luciw & Leung, 1992). The envelope (env) protein 
of the Moloney murine Leukaemia virus (Mo-MuLV), on 
which most retroviral vectors are based, is made up of two 
covalently linked peptides, termed SU and TM. The amino 
terminal SU peptide mediates binding of the virus to its cell 
surface receptor while the carboxy TM domain anchors the 
molecule to the viral membrane. Retrovirus can be targeted 
specifically to cells expressing a particular surface protein if 
the SU domain of the viral env protein is replaced by a 
single chain antigen binding protein (termed scFv) (Russel 
et al., 1993; Chu et al., 1994, Kasahara et al., 1994). scFv 
consists of the variable regions of both heavy and light 
chains of an antibody molecule. However, only a small 
subset of surface proteins can function as appropriate 
receptors for the uptake and expression of these genetically 
engineered retroviral vectors. Therefore, a means of rapidly 
identifying differentially expressed cell surface molecules 
which can function as receptors for these retroviral vectors 
was developed (Dougherty et al., 1996). Currently the 
vectors are being used to screen panels of monoclonal 
antibodies raised against vascular endothelial cells. 

1.2 Targeted delivery: epidermal growth factor receptor 
to target lung cancer cells 

The epidermal growth factor receptor (EGF-R) is 
overexpressed in the majority of lung cancer cells. Human 
heregulin is a ligand for EGF-R (and the related receptor 



HER-2/neu) and was therefore used in the design of a 
retroviral vector to target delivery to lung cancer cells (Han 
et al., 1995). By replacing the moloney murine leukaemia 
virus envelope with heregulin encoding sequences the 
ecotropic virus was able to cross the species barrier and 
infect EGF-R overexpressing human cells. Human cells 
which showed low EGF-R expression were resistant to the 
viral infection. 

Alternatively, recombinant human epithelial growth 
factor was incorporated into a polylysine vector to target 
cells rich in EGF-R (Cristiano & Roth, 1996). In the 
presence of replication defective adenovirus, which was 
required as an endosomal lysis agent, the EGF-DNA 
complex was able to transfect lung cancer cells at a high 
efficiency in vitro, whereas colon carcinoma cells showed 
little DNA uptake. 

Another strategy targets cytotoxic T-cells (CTLs) to 
tumour cells which express EGF-R (Moritz and Groner, 
1995). A recombinant T-cell receptor was constructed 
consisting of a single chain Fv (scFv) derivative of an anti- 
EGF-R monoclonal antibody, which serves as the 
extracellular antigen binding domain, and the zeta chain of 
the TCR/CD3 complex, which serves as a signal 
transduction domain. A hinge region between the binding 
and signal transduction domain appeared to be required for 
efficient binding. In vitro crosslinking of the recombinant 
receptor with externally added EGF-R in transfected T-cells 
showed that the signal transduction pathway was functional. 
Addition of these transfected CTLs to tumour cells in 
culture efficiently lysed EGF-R positive tumour cells. 

13 Targeted delivery: folate receptor to target cancer 
cells 

Folate receptors are overexpressed in the majority of 
tumours. Folate receptors are internalised through caveolae 
in a process termed potolysis, which is different from 
endocytosis. This process could be exploited for the targeted 
delivery of DNA by conjugating folate to poly-L-lysine 
(Gottschalk et al., 1994; Lee and Huang, 1996). Although 
marker gene expression was moderate, it was specific to 
tumour cells which highly overexpress the folate receptor 
and could be improved by the addition of replication 
defective adenovirus. 

1.4 Targeted delivery: c-kit receptor to target 
hematopoietic cells and lung cancer 

The proto-oncogene c-kit, a receptor tyrosine kinase, 
and its ligand, Steel factor, are required for melanogenesis, 
hematopoesis and gametogenesis, and also play a role in 
cell-matrix adhesion (Kinashi and Springer, 1995). c-kit is 
highly expressed on hematopoietic progenitor and small cell 
lung cancer cells. A delivery vehicle was constructed to 
target hematopoietic progenitor cells consisting of DNA 
condensed with polylysine covalently linked to streptavidin, 
the biotinylated ligand Steel factor (since streptavidin binds 
biotin), and polylysine coated adenovirus for endosomal 
lysis (Schwarzenberger et al, 1996). Only c-kit positive 
cells were transfected. The streptavidin/biotin system is 
versatile and could be changed by the addition of other 
biotinylated ligands. 

1.5 Targeted delivery: anaerobic bacteria to target solid 
tumours 

Intravenously injected clostridial spores specifically 
locate to solid tumours where they germinate in necrotic and 
hypoxic regions (Moese and Moese, 1964). In order to 
improve the efficacy of this unconventional treatment, the 
cytosine deaminase (an enzyme able to convert 5- 



fluorocytosine, 5-FC, to the toxic anti-cancer drug 5- 
fluorouracyl, discussed in detail later) encoding gene from 
Escherichia coli was transfected into the non-pathogenic 
anaerobe Clostridium beijerinickii (Fox et al., 1996). 
Supernatant containing active enzyme taken from the 
transformed bacteria could sensitise murine carcinoma cells 
500 fold to 5-FC in air. As an alternative, the E. coli 
nitroreductase gene (which activates CB 1954 to a 
bifunctional alkylating agent, more later) was introduced 
into C. beijerinickii and the resultant spores injected into 
tumour bearing mice (Minton et al, 1995). Tumour lysates 
were tested and shown to contain the nitroreductase 
enzyme. 

2. TARGETED EXPRESSION 

Not only delivery can be targeted, but also gene 
expression to further improve selectivity of gene therapy of 
cancer. Therefore, even if therapeutic genes are delivered to 
normal tissue, the regulatory sequences should prevent them 
from being expressed. Based on extensive basic research, 
genes have been identified which are expressed in either a 
tissue specific or cancer specific way, or which are induced 
by conditions specific to tumours. The regulatory sequences 
required for the selected expression can lie within the basic 
promoter, or in the case of enhancer sequences, up to 
several hundred bases upstream or downstream. Isolated 
enhancer elements can function on their own or in 
combination with other regulatory sequences, and in both 
orientations and almost any location to the gene of interest. 

2. 1 Tissue targeted expression 

2.1.1 Tissue targeted expression: alpha fetoprotein to 
target hepatocellular carcinoma 

Although alpha-fetoprotein (AFP) is normally only 
expressed in foetal liver and not in adult tissue, it has been 
found to be abnormally activated in hepatocellular 
carcinoma. Transgenic mice carrying the SV40 large T- 
antigen develop hepatocellular carcinoma (Marci and 
Gordon, 1994). Crossing these mice with mice transgenic 
for HSV thymidine kinase (HSVtk activates the anti-viral 
agent ganciclovir (GCV) to a toxic drug, discussed in detail 
later) gene under the control of the AFP promoter delayed 
tumour progression significantly when treated with GCV. 

Adenoviral delivery of the HSVtk encoding gene under 
the AFP promoter/enhancer control also sensitised 
specifically AFP expressing human hepatocellular 
carcinoma cells to GCV in vitro and in vivo (Wills et al., 
1995; Kaneko et al., 1995). A short region (0.3 kb) of the 
human AFP gene promoter was found to be sufficient to 
direct expression of the HSVtk gene specifically to 
hepatoma cells (Ido et al, 1995). Gene expression could be 
modulated and toxicity increased further by treating the 
transfectants with dexamethasone due to a glucocorticoid 
response element in the AFP promoter. AFP regulated wt 
p53 expression was equally restricted to AFP producing 
cells and could inhibit cell growth in vitro and increase 
sensitivity to cisplatin (Xu et al., 1996). 

However, disturbing results were reported when 
adenoviral delivery of a construct containing the AFP 
promoter and a marker gene was found to preferentially 
locate in normal liver of experimental animals, instead of 
the hepatoma (Arbuthnot et al, 1996). Another report also 
described extensive liver damage following adenoviral 
delivery of HSVtk, which questions the use of adenovirus as 
a delivery vehicle (Brand et al., 1997). 

2.1.2 Tissue targeted expression: prostate specific 
antigen (PSA) to target prostate cancer 



Prostate specific antigen (PSA) is a serine protease 
involved in the degradation of the major proteins in the 
seminal coagulum leading to semen liquefaction (for a 
review see Seregni et al., 1996). PSA is produced 
preferentially in the prostate and is often overexpressed in 
prostate cancer. However, PSA has also been found in 
accessory male sex glands, breast cancer and milk of 
lactating women. 

The upstream region (620 bp) of the PSA encoding gene 
was used to specifically drive expression of a marker gene 
in PSA + prostate cell lines (Pang et al., 1995). Expression 
could not be detected in non-prostate and PSA* cells, and 
could be stimulated further by dihydrotestosterone in PSA + 
cells. The transfected construct showed competitive 
inhibition of the endogenous genomic promoter indicating 
that prostate specific DNA binding proteins are required to 
activate the PSA promoter. By adding the strong non- 
specific cytomegalovirus (CMV) promoter to the PSA 
promoter to drive marker gene expression, tissue specificity 
could be retained and a further 4-5 fold increase in 
expression achieved. It therefore appears that the PSA 
promoter contains negative regulatory elements which can 
override the promiscuous expression of the CMV promoter 
to limit expression to PSA+ cells. Further analysis of the 
PSA promoter revealed both a proximal and a distant 
promoter which are required for enhanced expression (Pang 
et al., 1997). The distant 822 bp regulatory sequence 
increased the otherwise low expression of the proximal 
promoter, enhanced responsiveness to dihydrotestosterone 
and retained tissue specificity. The distant promoter on its 
own, however, showed only low activity. 

The PSA promoter was also used to direct expression of 
anti sense DNA to polymerase a and topoisomerase II a to 
prostate cancer cells (Lee et al, 1996). Varying levels of 
expression were detected in prostate cancer cells, but none 
in the non-prostate cells. Lipofection mediated transfer of 
either of the two antisense constructs reduced growth in 
vitro, which could be increased to 55% by co-transfection of 
both antisense constructs. 

2.1 .3 Tissue targeted expression: von Willebrand factor 
(vWf) to target endothelial cells 

Angiogenesis, the sprouting of new bloodvessels from 
the pre-existing vessel bed, is an absolute requirement for 
the growth of tumours beyond the size of a mm 3 . Tumour 
vasculature is an attractive target for therapy, since about 
1000 tumour cells rely on every endothelial cell for the 
delivery of nutrients. Not all endothelial cells need to be 
damaged to achieve tumour response; effecting only a few 
can shut down the bloodsupply to the entire tumour. As a 
first step towards anti-angiogenic gene therapy, the von 
Willebrand factor (vWf) promoter was analysed to target 
the tumour vasculature (Ozaki et al., 1996). A region which 
encompasses most of the first non-coding exon showed 
strong promoter activity which appeared to be endothelial 
cell specific. Growth suppression in vitro was evident when 
the vWf promoter was used to drive expression of HSVtk 
followed by GCV treatment. 

Endothelial cell specific genes have been identified 
using differential display (Hewett et al., 1996). A receptor 
tyrosine kinase, tie-2/tek, was identified which is only 
expressed in endothelial cells where it is upregulated during 
neovascularisation. The tie-2/tek promoter is currently being 
evaluated for vascular targeted gene therapy. 

2,1.4 Tissue targeted expression: DF3 (MUC1) 
promoter to target breast cancer 



DF3 (MUC1) is a high molecular weight mucin-like 
glycoprotein which is overexpressed in the majority of 
breast cancers. By fusing the DF3 promoter to the coding 
region of HSVtk it was possible to selectively sensitise DF3 
positive breast tumour cells to GCV (Manome et al., 1994). 
It was further shown that i.p. injection of defective 
recombinant adenoviral vectors containing the DF3 -HSVtk 
constructs into animals with breast cancer metastasis 
followed by GCV treatment inhibited tumour growth (Chen 
et al., 1995a). 

2.1.5 Tissue targeted expression: albumin enhancer to 
target liver cancer 

The albumin enhancer element and promoter were used 
to exclusively target expression of the marker gene p- 
galactosidase (p-gal) to hepatoma cells (Kuriyama et al., 
1991). Delivery in vivo was performed by injection of an 
ecotropic retroviral vector containing the liver-specific 
expression system. Expression could only be detected in 
dividing hepatocytes following injection into the spleen or 
liver, not in other tissue or in non-dividing cells. 

2.1.6 Tissue targeted expression: tyrosinase promoter to 
target melanoma cells 

The tyrosinase enzyme is part of the pigment producing 
pathway in skin and melanoma cells. The 5' region of the 
tyrosinase encoding gene or the tyrosinase-related protein 
were used to direct expression of the marker gene P-gal 
specifically to human and murine melanoma cells and 
melanocytes in vitro (Vile and Hart, 1993). Injection of this 
construct into tumour bearing mice showed expression only 
in the melanoma cell line B 1 6 derived tumours and in some 
normal melanocytes, but not in COL026 tumours or other 
normal surrounding tissue. To develop the system further 
the genes encoding either IL2, IL4 or macrophage colony- 
stimulating factor (M-CSF) were placed under the control of 
the murine tyrosinase 5* region (Vile and Hart, 1994). Only 
IL2 expressing B16 transfectants were prohibited to grow in 
syngeneic mice. However injection of the DNA construct 
into established tumours did not effect tumour growth, even 
though expression of the cytokine genes could be detected. 
Expression of the HSVtk encoding gene under the 
tyrosinase promoter control following delivery by retrovirus 
and ganciclovir treatment could reduce lung metastasis of 
B16 cells in syngeneic mice (Vile et al., 1994). The 
magnitude of reduction indicated a significant bystander 
effect, which could not be detected in irnmunodeficient 
mice. It therefore appears that the bystander effect of the 
HSVtk system requires an immune component. 

2.1.7 Tissue targeted expression: myelin basic protein 
promoter to target glioma cells 

The marker gene P-gal was placed under the control of 
either the mouse glial fibrillary acidic protein promoter 
(GFAP), the myelin basic protein promoter (MBP) or the 
myelin proteolipid protein promoter (PLP) in order to target 
expression to glioma cells (Miyao et al., 1993). Expression 
in vitro was restricted to glioma cells, as transduced 
fibroblasts and myeloma cells did not show any P-gal 
activity. The MBP promoter region showed the strongest 
promoter activity and was therefore used to direct 
expression of the HSVtk encoding gene. Subsequent 
treatment of the transduced cells with ganciclovir 
specifically killed the glioma cells in vitro. 

2.1.8 Tissue targeted expression: osteocalcin promoter 
to target osteosarcoma 



The non-collagenous bone matrix protein osteocalcin is 
expressed at high levels in osteoblasts. The osteocalcin 
promoter could specifically drive expression in osteoblasts 
in vitro, and osteocalcin regulated HSVtk expression 
resulted in osteosarcoma tumour regression in vivo 
following nucleoside treatment (Ko et al., 1996). 

2.2 Disease targeted expression 

2.2.1 Disease targeted expression: carcinoembryonic 
antigen regulatory sequence 

Human carcinoembryonic antigen (CEA) is a member of 
a family of membrane glycoproteins which are 
overexpressed in many carcinomas; in 40% of patients with 
gastric cancer CEA levels are increased. CEA functions as a 
homotypic intercellular adhesion molecule in vitro (Hauck 
and Stanner, 1995). 

The promoter for CEA was used to control gene 
expression of the HSVtk encoding gene within CEA 
positive pancreatic carcinomas (Dimaio et al., 1994) or lung 
cancer cells (Osaki et al., 1994). Only CEA positive cells 
expressed the transgene, whereas negative ones did not A 
reduction in tumour size of xenografts derived from the 
transfectants could be achieved by treating the mice with 
ganciclovir, even if only 1 0 % of the tumour cells contained 
the HSVtk gene. 

Alternatively the CEA transcriptional regulatory 
sequence was fused to the cytosine deaminase encoding 
gene to selectively sensitise colorectal carcinoma cells to 5- 
FC (Huber et al., 1995). Following retroviral delivery the 
chimeric genes were expressed only in CEA positive cells. 
Studies using human tumour xenografts showed that the 
cytosine deaminase/5-FC combination in solid tumours 
could generate complete cures if only 4% of the solid 
tumour cell mass expressed this enzyme. 

The sequences controlling CEA expression have been 
analysed. Four cis-acting elements were mapped to a 
positive regulatory region and one element to a silencing 
region (Hauck and Stanner, 1995). Several nuclear factors 
were identified that bind to the regulatory regions; USF, 
Spl and Spl-like factor. Independently, sequences 
containing the promoter, sequences essential for basic 
expression, copy number regulation and selective 
expression were identified (Richards et al., 1995). The 
optimum combination of these regulatory sequences results 
in a 2-4 fold increase in expression over that induced by the 
strong SV40 promoter in CEA positive cells. 

2.2.2 Disease targeted expression: HER-2/neu (erbB2) 
The oncogene HER-2/neu is overexpressed in about one 

third of breast and pancreatic tumours, and is involved in 
the transformation of prostatic epithelial cells. 
Overexpression involves transcriptional upregulation with 
or without gene amplification. HER-2/neu is a 
transmembrane glycoprotein related to EGF-R which 
functions as a growth factor receptor to regulate cell growth 
and transformation. The HER-2/neu promoter was used to 
target expression of cytosine deaminase selectively to HER- 
2/neu + cells, whereas no enzyme could be detected in HER- 
2/neu* cells (Harris et al., 1994). Significant cell killing was 
observed in the HER-2/neu + transfectants when treated with 
5-FC, whereas HER-2/neu" transfectants were resistant to 
the drug. 

2.2.3 Disease targeted expression: Myc-Max response 
elements 

The c-myc proto-oncogene has been implicated in the 
control of cell proliferation, differentiation and apoptosis. 
The Myc family of proteins, including c-myc, can form 



heterodimers with the Max protein which specifically binds 
to its recognition sequence to activate transcription 
(Kretzner et al., 1992). The binding sequences for the Myc- 
Max heterodimer can direct gene expression to cells which 
overexpress c-myc. Four repeats of the Myc-Max response 
element were ligated to the HSVtk encoding gene in order 
to target gene expression to a range of myc overexpressing 
cancer cells, including small cell lung cancer cells and colon 
carcinoma cells (Kumagai et al, 1996; Sugaya et al., 1996). 
Transfected tumour cells exhibited increased sensitivity to 
GCV in vitro and liposomal delivery to established tumours 
followed by drug treatment induced tumour regression in 
vivo. 

2.3 Condition targeted expression 

2.3.1 Condition targeted expression: Early growth 
response- 1 gene regulated by ionising radiation 

The early growth response gene (Egr-1) is a ubiquitous 
immediate early gene which encodes a zinc finger 
transcription factor. Egr-1 is induced by a wide variety of 
stimuli including ionising radiation and cytokines. 
However, it is expressed only at low levels in many human 
tumour cells (Huang et al., 1995). Still, the radiation 
controllability of Egr-1 has been exploited to regulate gene 
expression for cancer therapy. By linking the radiation 
inducible CArG elements of the Egr-1 promoter to the 
TNFa encoding gene, expression could be regulated by 
ionising radiation in a temporal and localised way 
(Weichselbaum et al., 1994). Injection of Egr-TNF 
transfected hematopoietic cells into xenografts grown from 
radiation resistant squamous cell carcinoma followed by 
radiation increased tumour cures compared to radiation 
alone. Alternatively, direct intratumoural injection of 
liposomes or adenoviral delivery of the Egr-1 controlled 
TNF construct into the radiation and TNF resistant tumours 
followed by 20 or 50 Gy of radiation could significantly 
reduce tumour size (Seung et al., 1995; Hallahan et al, 
1995). The effect on tumour growth can be partly attributed 
to damage of the tumour vasculature following treatment 
(Mauceri et al., 1996). Adenoviral delivery of the Egr-TNF 
construct and radiation resulted in extensive intratumoural 
vascular thrombosis and necrosis. No thrombosis was 
detected in treated normal tissue, indicating that a tumour 
specific occlusion of microvessels was induced. The Egr-1 
control element was also utilised to direct radiation 
controlled expression of HSVtk to glioma cell lines (Joki et 
al., 1995). 

2.3.2 Condition targeted expression: tissue-type 
plasminogen activator regulated by radiation 

Plasminogen activators have clinical significance as 
thrombolytic agents for management of stroke and 
myocardial infarction. Tissue-type plasminogen activator (t- 
PA) is induced over 50 fold after irradiation with X-rays in 
otherwise radioresistant human melanoma cells (Boothman 
et al., 1994). The t-PA protease might have a function 
equivalent to the SOS repair system in prokaryotes. A x-ray 
inducible element was identified in the t-PA promoter 
which might be useful for radiation inducible gene therapy. 

2.3.3 Condition targeted expression: regulation by 
glucose regulated protein GRP78/BiP promoter 

The expression of the glucose regulated protein 
GRP78/BiP is strongly upregulated by tumour specific 
conditions such as glucose deprivation, anoxia and acidity. 
Elevated levels of GRP proteins protect the cell against 
stress, as they function as chaperones and calcium binding 
proteins (Little et al., 1994). The promoter of the 



GRP78/BiP encoding gene was therefore used to control 
expression of a marker gene in a murine fibrosarcoma 
model (Gazit et al., 1995). In vitro glucose deprivation of 
transduced fibrosarcoma cells showed an 8-fold induction 
over non-stressed cells. Comparison with the viral SV40 
promoter showed a two fold lower basal level of expression. 
Tumours grown from transduced cells showed central 
pockets of enhanced expression of the marker gene, 
indicating that in vivo stress response could control the 
glucose regulated marker gene. 

2.3.4 Condition targeted expression: hypoxia regulated 
gene expression 

Our method is designed to take advantage of the 
abnormal physiology that exists in almost all solid tumours, 
regardless of their origin or location, and use this tumour- 
specific condition to control the expression of therapeutic 
genes (Dachs et al, 1997). 

Aggressive tumours often have insufficient blood 
supply, partly because tumour cells grow faster than the 
endothelial cells that make up the blood vessels, and partly 
because the newly formed vascular supply is disorganised 
(Folkman, 1989). This results in areas of acidity and 
nutrient deprivation, as well as regions with reduced oxygen 
concentrations (hypoxia). Direct measurements taken in 
patients showed a median oxygen level in normal tissue of 
24 to 66mmHg (3.1 to 8.7% 0 2 ), whereas those in tumours 
ranged from 10 to 30mmHg (1.3 to 3.9%). More 
importantly tumours routinely posses microregions with pO z 
levels of less than 2.5 mmHg (0.3%), levels at which cells 
are three times more resistant to radiation than aerated cells 
(Vaupel, 1993). Such hypoxia is not necessarily chronic. 
Blood vessels can open and close, creating microregions 
with acute hypoxia. It is important to note that cells in this 
aberrant environment can remain viable and are often 
chemo- and radioresistant. Hence, hypoxia is considered a 
major hindrance to therapy. In fact, a recent study of 
patients with cervical cancer showed the oxygen status of a 
tumour to be the single most important prognostic factor, 
ahead of age of patient, menopausal status, clinical stage, 
and size and histology of tumour (Hoeckel et al., 1996). 
However, it is our aim to exploit the presence of this 
subpopulation of resistant cells. 

Hypoxic conditions can modulate the expression of a 
number of genes including those encoding growth factors, 
transcription factors, and glycolytic and DNA repair 
enzymes (for a recent review Dachs and Stratford, 1996). 
Hypoxic expression is controlled by the binding of the 
transcription factor, hypoxia inducible factor- 1 (HIF-1) to a 
short DNA sequence (hypoxia enhancer or hypoxia 
response element, HRE) which can be situated at any 
distance and both orientations from the coding region. We 
have utilised the mouse phosphoglycerate kinase- 1 HRE 
(Firth et al., 1994) in this study to control expression of 
marker and therapeutic genes in response to low oxygen in 
vitro and in vivo. 

The use of hypoxia responsive enhancer elements 
enables the regulation of the marker gene CD2 in response 
to low oxygen conditions (Dachs et al., 1997). These studies 
show that the in vitro response was time and oxygen 
concentration dependent, with no protein induction at 
oxygen levels similar to those observed in normal tissue. 
The level of hypoxia that was sufficient to induce the CD2 
marker gene in vitro has been clinically observed (Hoeckel 
et al., 1996; Vaupel et al., 1989). Interestingly, not only 
hypoxia increased the levels of the marker gene, but 
subsequent reaeration increased it further. Although the 
reasons are not clear, it is possible that protein synthesis is 



restarted following growth arrest during reoxygenation, or 
that oxygen radicals similar to those found in reperfusion 
injury induced gene expression. 

When the transfected tumour cells were grown as 
xenografts, expression of the marker gene was confined to 
areas adjacent to necrosis. Hypoxic induction in vivo of the 
HRE controlled CD2 was confirmed by combining CD2 
staining with the comet assay. For the comet assay (Olive, 

1995) , tumour bearing mice are treated with radiation 
(which causes single strand breaks preferentially in oxic 
cells) and a bioreductive drug (which indices DNA 
crosslinks only in hypoxic cells). Single cell electrophoresis 
of single cells isolated from the treated tumours can 
differentiate the two populations. The hypoxic cells, 
according to the comet assay, stained positive for CD2, 
whereas the aerobic ones did not. These in vitro and in vivo 
results demonstrate the selectivity of the system and its 
potential for tumour specific targeting of gene expression. 

A recent paper studied the possibility of delivering genes 
to hypoxic cells in rat hearts by injection or retroviral 
delivery (Prentice et al., 1996). It showed that not only 
could foreign genes be taken up in ischemic/reperfused 
tissue, but that the genes were transcribed and the protein 
synthesis machinery of the injured cells could produce 
recombinant proteins that retained enzymatic activity. Gene 
delivery to regions of chronic hypoxia in solid tumours will 
remain a formidable task, but the regions we aim to infect 
are those of transient hypoxia. These regions contain blood 
vessels that open and close, potentially allowing delivery of 
the therapeutic genes by repeated application. 

2.4 Regulation by bacterial regulatory sequences 

The luciferase reporter gene linked to a chimeric 
promoter containing binding sequences for the bacterial 
tetracycline repressor could be transactivated by 
cotransfection with genes encoding tTA (Maxwell et al., 

1 996) . The addition of tetracycline could reduce luciferase 
expression of the tet repressor/tTA transfected cells in a 
graded manner. Enhanced tetracycline regulated expression 
of HSVtk was achieved by incorporating the tet 
repressor/tTA system in a retroviral construct (Hwang et al., 
1996). 

An interesting, though not targeted expression system, 
consists of the bacteriophage T7 promoter and T7 RNA 
polymerase encoding gene (Chen et al., 1995b). This T7 
system can initiate and maintain itself, and requires no 
cellular factors for transcription, and is therefore inclined to 
function in any mammalian system. By co-transfecting 
constructs containing the promoter driving expression of a 
marker gene and its specific RNA polymerase, high 
cytoplasmic expression (up to 200 fold increase over 
nuclear gene expression) could be achieved in a wide 
variety of mammalian cells both in vitro and in vivo. 

2.5 Alternative splicing 

A critical step in eukaryotic gene expression involves 
the removal of intervening sequences encoded by introns 
from pre-mRNA transcripts prior to their transport to the 
cytoplasm where translation occurs (for a recent review see 
Dreyfuss et al., 1996). This process is termed "splicing". It 
is now appreciated that a large proportion of cellular genes 
encode primary transcripts in which exonic sequences can 
be spliced in different ways to generate multiple mRNA 
species that encode protein isoforms with unique structures 
and functions (Smith et al., 1989). This latter process, 
termed "alternative splicing", enhances the coding potential 
of the genome without the need to resort to gene duplication 
events. Alternative splicing is a highly regulated process 



with distinct patterns of splicing occurring during cellular 
differentiation, in different tissues, or in response to 
extracellular signals. 

In the last year or so, we have begun to investigate the 
possibility that differences in the ability of normal and 
malignant cells to alternatively splice pre-mRNA transcripts 
could perhaps be exploited as a means of targeting 
therapeutic genes to the malignant population. Specifically, 
we have made a series of vectors in which the cytosine 
deaminase gene is fused in frame to a cassette that contains 
two or more alternatively spliced exons derived from the 
gene encoding the adhesion protein CD44 such that 
expression of a functional CD44-cytosine deaminase 
chimera will only occur in cells that are capable of 
appropriately splicing out the intronic sequences that 
separate the CD44 exons (Asman et al., 1995). Although at 
an early stage of development, such vectors may allow the 
selective destruction of malignant and/or other rapidly 
proliferating cell types since these have been shown in 
numerous studies to differentially express certain 
alternatively spliced CD44 isoforms (East and Hart, 1993; 
Zoller, 1995; Sleeman et al., 1995). 

3. THERAPEUTIC GENES: MOLECULAR 
CHEMOTHERAPY 

The best choice for enzymes for gene directed enzyme 
prodrug therapy would be monomeric enzymes of viral or 
bacterial origin with a wide substrate specificity (Connors, 
1995). It is therefore not surprising to see a viral (Herpes 
simplex virus thymidine kinase) and a bacterial (cytosine 
deaminase) gene as the first candidates of therapeutic genes 
in Phase 1 clinical trials. 

Prodrugs are defined as chemicals which, even at high 
concentrations are non-toxic unless specifically activated by 
cellular conditions or enzymes to toxic metabolites. Using 
gene therapy it is possible to introduce a foreign enzyme 
encoding gene into human cells in order to sensitise them to 
an otherwise non-toxic prodrug. The ideal activated drug 
should be at least 100 fold more cytotoxic than the parent 
compound, should easily diffuse to kill non-transfected 
bystander cells and have a significant half-life to kill 
bystanders but not escape into the bloodstream to cause 
systemic toxicity. 

3.1 Herpes simplex virus thymidine kinase (HSVtk) 
Herpes simplex virus thymidine kinase (HSVtk) is the 
model for gene directed enzyme prodrug therapy and has 
been used extensively in pre-clinical studies. HSVtk 
converts non-toxic nucleoside analogues, such as 
ganciclovir, to phosphorylated compounds that can act as 
chain terminators and specifically kill dividing cells. 
Specific expression of the suicide gene in dividing cells can 
be further targeted by using retroviral gene transfer. Direct 
injection of packaging cells producing retrovirus containing 
the HSVtk encoding gene into established macroscopic liver 
metastasis in rats followed by ganciclovir treatment resulted 
in regression of tumour volume and reduction of mean cell 
mass by sixty fold (Caruso et al., 1993). HSVtk/GCV was 
also able to suppress metastasis in the short and long term in 
a mouse model of prostatic cancer, even after regrowth of 
the primary tumour (Hall et al., 1997). 

Transgenic mice carrying the rat neu oncogene under the 
control of the mouse mammary tumour virus LTR develop 
breast cancers within 2-3 months of birth. Crossing these 
neu mice with mice transgenic for the HSVtk gene under 
the control of its own promoter and the polyoma enhancer 
resulted in double transgenic mice which still developed 
tumours at the same rate as the neu mice (Sacco et al, 



1 995) . Intratumourally treatment with GCV reduced tumour 
growth in the double transgenics, but had no effect on the 
neu single transgenic mice. However, mammary tumours 
induced by the activated rat neu oncogene could not be 
eradicated by retroviral delivery of HSVtk followed by 
GCV treatment (Sacco et al., 1996). The lack of success 
could be attributed to the combination of low transduction 
efficiency by the retroviral vector and the lack of a 
bystander effect in the breast cancer cells due to the absence 
of functional gap junctions. 

It has previously been shown that only a fraction of cells 
needed to contain the gene in order to activate the prodrug 
to its toxic product and kill untransfected bystanders. Gap 
junctions, which play a role in intercellular communications 
and require cell contact, had been implicated in this 
bystander effect. HeLa cells show very little ability to 
communicate via gap junctions, and also demonstrate little 
or no bystander effect when transfected with HSVtk and 
treated with ganciclovir (Mesnil et al., 1996). The bystander 
effect could however be restored to HeLa cells by 
transfection with the gene encoding the gap junction protein 
connexin 43. This strongly suggests that the bystander effect 
of the HSVtk/GCV system depends on gap junctions. 
However not all systems displaying a bystander effect rely 
on gap junctions. 

Verapamil, a calcium channel antagonist which is also 
used to inhibit multidrug resistance, was shown to protect 
bystander cells from the HSVtk/GCV system (Marini et al., 

1996) . Verapamil inhibits the bystander effect both in co- 
culture in vitro and also in a tumour model, but is 
ineffective if given more than 2 days after GCV treatment. 
No difference in sensitivity of the transfectants was 
observed following verapamil and GCV treatment. 

To address the effect of the immune system on 
treatment, rat mesothelioma cell lines transduced with 
HSVtk were grown in the flanks of either Fisher rats, nude 
rats or Fisher rats immunosuppressed with cyclosporin 
(Elshami et al., 1995). Adenoviral delivery of HSVtk 
followed by GCV treatment was significantly more 
effective in the nude or immunocompromised rats compared 
to the normal Fisher rats, indicating that the immune 
response against adenovirally transduced cells limited 
efficacy. Hence, it implied that immunosuppression might 
be a useful adjunct in this system. 

However, the immunesystem is essential for an efficient 
bystander effect. Neighbouring untransfected tumour cells 
could be killed* by inoculating syngeneic transfected cells 
and even irradiated xenogeneic transfected cells into tumour 
bearing mice (Freeman et al., 1995). Following GCV 
treatment upregulation of the cytokines IL-la and IL-6 was 
evident as well as widespread necrosis, which resulted in 
prolonged animal survival. 

Current work is under way to optimise the activity of 
HSVtk to reduce the amount of GCV necessary (Black et 
al., 1996). By random mutagenesis of the HSVtk encoding 
gene new mutants were identified which induced a 43-fold 
greater sensitivity to GCV in mammalian cells. 

A phase 1 clinical trial is currently underway to test 
adenoviral delivery of HSVtk to patients (Eck et al., 1996). 
Patients with advanced brain tumours will receive 
stereotactic-guided injection of the vector construct at 
escalating doses followed by systemic GCV treatment. 
However, high toxicity has since been reported in mice after 
intravenous injection of adenovirus carrying the HSVtk 
followed by GCV treatment (Brand et al., 1997). HSVtk 
was found to accumulate in the liver causing extensive liver 
degradation. The toxicity was prevalent for at least 7 weeks 
after vector administration. A mechanism of toxicity of 



phosphorylated GCV which is independent of cell division 
probably exists as the resting liver is non-proliferating. 

3.2 Cytosine deaminase 

Mammalian cells do not produce significant amounts of 
the enzyme cytosine deaminase. E. coli however possess the 
gene encoding cytosine deaminase and are capable of 
converting cytosine to uracil. The introduction of the 
bacterial gene to mammalian cells can sensitise them to the 
prodrug 5-fluorocytosine (5-FC), which is converted to the 
cytotoxic agent 5-fluorouracil (5-FU). 5-FU is currently the 
most effective single agent for the treatment of colorectal 
carcinoma. The human colorectal carcinoma cell line WiDr 
could be sensitised a thousand fold to 5-FC by the 
introduction of the cytosine deaminase encoding gene 
(Huber et al., 1993). In vivo experiments showed that the 
half-life of 5-FC is 40 minutes in nude mice. Daily 
treatment for 10 days of tumour bearing animals with 500 
mg/kg 5-FC could reduce tumour size and thymidine 
incorporation of the transfected tumours. Interestingly 
however, 5-FU had little effect on these tumours. 

Significant amounts of 5-FU were found in the 
supernatant of cytosine deaminase transfected cells treated 
with 5-FC, which would account for the bystander effect 
observed (Haberkorn et al., 1996). However, uptake studies 
with radiolabeled 5-FC indicated that moderate and 
unsaturatable amounts of the drug accumulated intracellular, 
possibly by diffusion only. 5-FC uptake is therefore a 
bottleneck in this treatment strategy. 

5-FU is also used as a radiation enhancer. Cell kill in 
vitro could be enhanced by treating cytosine deaminase 
transfected cells with a combination of 5-FC and radiation 
(Khil et al., 1996). A bifunctional fusion protein consisting 
of cytosine deaminase and HSVtk was constructed 
(Rogulski et al., 1997). The fusion showed enzyme activity 
for both enzymes, increased radiosensitivity and a slight 
synergistic effect when the transfectants were treated with 
both 5-FC and GCV. 

A comparison of HSVtk/GCV and cytosine 
deaminase/5 -FC in a human colorectal xenograft showed 
that the HSVtk/GCV system required more than 10% of the 
cells to be transfected for an antitumour effect (Trinh et al., 
1995). However less than 4% of transfected cells in the 
cytosine deaminase/5 -FC system were sufficient to achieve 
60% cure rate. The lack of a bystander effect in the 
HSVtk/GCV system could be explained by transmission 
electron microscope analysis of the tumour cells which 
showed that although they contained desmosomes, they 
lacked gap junctions. The reliance of the HSVtk/GCV 
system on functional gap junctions may limit its use in the 
clinic. 

We have utilised the cytosine deaminase encoding gene 
in our hypoxia regulated system (Dachs et al., 1997). The 
gene was placed under the transcriptional control of the 9- 
27 gene promoter into which was inserted a triplet of HRE 
derived from the PGK gene. Human tumour HT1080 cells 
transfected with this DNA construct exhibited a seven fold 
increase in enzyme activity following hypoxia compared to 
normoxia. The increase in enzyme activity resulted in a 5.4- 
fold increase in sensitivity of the transfectants to 5-FC 
following hypoxia compared to normoxia. This suggested 
that 5-FC had been converted to the toxic 5-FU by cytosine 
deaminase following the hypoxic exposure. 

3.3 Cytochrome P450 enzymes (CYP450 2B1) 

Liver cytochrome P450 enzymes are able to convert 
cyclophosphamide (CPA) to a potent alkylating agent which 
has antitumour activity. However, the therapeutic 



effectiveness is limited by hematopoietic, renal and cardiac 
cytotoxicity. The transfer of these liver enzymes to tumour 
cells would reduce systemic toxicity and increase anti- 
tumour activity. The cytochrome P450 isomer, CYP2B1, 
converts CPA to a hydroxy intermediate which brakes down 
to form the DNA alkalyting toxin phosphoramide mustard. 
Gliosarcoma cells transfected with the gene encoding 
CYP2B1 showed increased sensitivity to cyclophosphamide 
(Chen and Waxman, 1995; Wei et al., 1995; Chen et al., 
1 996). The cells could be protected against the toxic effect 
by treatment with the CYP2B1 inhibitor metyrapone. 
Treatment with cyclophosphamide or ifosphamide of a 
mixed culture consisting of 10% transfected cells showed a 
bystander effect which did not require cell-cell contact. 
Fischer rats implanted with CYP2B1 expressing tumour 
cells showed an increased sensitivity to cyclophosphamide 
treatment; a significant growth inhibition was seen in the 
CYP2B1 positive tumours compared to a modest delay in 
CYP2B1 negative tumours following treatment. 

3.4 Platelet-derived endothelial cell growth 
factor/thymidine phosphorylase 

Platelet-derived endothelial cell growth factor functions 
as a chemotactic and angiogenic growth factor, and is used 
as a prognostic indicator in a range of tumour types. 
Expression of PD-ECGF is on average 27 fold increased in 
human breast tumours compared to normal breast (Patterson 
et al., 1995). The level of PD-ECGF in the tumour cell line 
MCF-7 is similar to that of the low expressers in human 
breast tumour biopsis. PD-ECGF is identical to the enzyme 
thymidine phosphorylase (dThdPase) which catalyses the 
phosphorolytic cleavage of 5'-deoxy-5-fluorouridine (5'- 
DFUR) to the anticancer agent 5-fluorouracil (5-FU). 
Transfection of MCF-7 cells with the PD-ECGF encoding 
gene increased the cells sensitivity to the prodrug 5'-DFUR 
by 165 fold, whereas no difference in the sensitivity to 5-FU 
was detected. A substantial bystander effect could be 
detected when transfectants were mixed with the parental 
MCF-7 cells in vitro. 

3.5 Deoxycytidine kinase 

Cytosine arabinoside (ara-C) is a cytidine analogue 
which, when incorporated into replicating DNA will cause 
lethal strand breaks. ara-C is an efficient anti-tumour agent 
for hematologic malignancies, but has only a limited effect 
against solid tumours. ara-C requires phosphorylation by 
deoxycytidine kinase (dCK) to be active. dCK 
phosphorolates deoxyribonucleosides and thereby provides 
an alternative to de novo synthesis of DNA precursors (see 
Arner and Erikkson, 1995 for a recent review). It is possible 
to sensitise glioma cells to ara-C by retro- or adenoviral 
delivery of the dCK encoding gene (Manome et al., 1996). 
dCK transduced glioma tumours implanted either 
intradermal or intracerebral showed a significant antitumour 
effect following ara-C treatment. 

3.6 E. coli guanine phosphor ibosyl transferase (gpt) 
The E. coli guanine phosphoribosyl transferase (gpt) 

enzyme has been studied due to its unique dual 
sensitivity/resistance function. It confers resistance to 
mycophenolic acid and xanthine, but sensitivity to 6- 
thioxanthine (6TX) to transfected mammalian cells (Mroz 
and Moolten, 1993). Transfected sarcoma cells could be 
selected in vitro for their resistance to mycophenolic acid 
and xanthine, and treatment of tumours derived from gpt 
transfected cells with 6TX caused durable tumour 
regression. Further, retroviral delivery of the bacterial gene 
to rat glioma cells showed an increased sensitivity of the 



transfectants and untransfected bystanders to 6TX (Tamiya 
et al. 1996). The bystander effect could be abolished by 
separating the cells with a microporous membrane, 
indicating that it was not due to diffusable metabolites. 
Subcutaneous and intracerebral tumours grown from the 
transfected cells could be controlled by 6TX treatment. 

3. 7 E. coli nitroreductase 

The nitroreductase from E. coli B has been studied for 
its use in antibody directed enzyme prodrug therapy 
(ADEPT). The E. coli nitroreductase B, and to a lesser 
extend the Walker cell Dt-diaphorase, are able to activate 
CB 1954 (5(-aziridine-l-yl)-2,4-dinitrobenzamide) to a 
potent interstrand crosslinking agent (Knox et al., 1988). 
Nitroreductase is a flavoprotein which requires either 
NADH or NADPH cofactors which limits its use for 
ADEPT. Gene therapy approaches were therefore 
investigated and transfer of the bacterial gene to V79 
hamster cells increased their sensitivity to CB 1954 by 770 
fold compared to untransfected controls (Bailey et al., 
1996). 

3.8 Clostridium acetobutylicum electron transport 
enzymes 

Metronidazole is the drug of choice for many serious 
anaerobic bacterial infections. Its use is based on the ability 
of most bacteria to convert metronidazole to a toxic species, 
whereas mammalian cells, even under anoxic conditions, 
lack this ability. Even among bacteria there is a substantial 
variation in sensitivity. For example, the obligate anaerobe 
Clostridium acetobutylicum is highly sensitive to 
metronidazole, whereas the facultative anaerobe 
Escherichia coli is up to 500-fold more resistant to the drug. 
In C. acetobutylicum metronidazole is reduced by enzymes 
of the electron transport system, including the flavodoxin 
and hydrogenase enzymes (Church etal., 1988; Santangelo 
etal., 1991; Santangelo et al., 1995). We are investigating 
whether the introduction of the bacterial genes encoding the 
flavodoxin and/or hydrogenase enzymes into human tumour 
cell lines could increase their sensitivity to metronidazole. 

The introduction of the Clostridium genes encoding the 
enzymes flavodoxin or hydrogenase increased sensitivity to 
metronidazole in E. coli by up to 10-fold. Since nitrate 
reductase negative E. coli cells are already sensitive to 
metronidazole this is a significant increase in drug 
sensitivity. The minimal coding regions of the hydrogenase 
and flavodoxin encoding genes were then introduced into 
the two human tumour cell lines HT1080 (fibrosarcoma) 
and HT29 (colon carcinoma) under the control of the strong 
constitutive CMV promoter. RNA studies showed that the 
bacterial genes were transcribed in the transfected human 
tumour cells. However, only a modest increase in 
metronidazole sensitivity in the human cells was observed 
(2-3 fold). It is not yet known, if a functional enzyme or a 
protein is produced, but it appears that inefficient translation 
might be to blame. The regulatory sequence (Kozak 
sequence; Kozak, 1986) around the start codon differs 
greatly between the bacterial genes and mammalian genes. 
We have therefore used site directed mutagenesis to 
improve translation and are currently testing the 
transfectants. 

4. CONCLUSION 

By carefully choosing a strategy involving targeted 
delivery and expression of a therapeutic gene, selective and 
specific tumour kill in pre-clinical studies is possible. Gene 
therapy has the potential to have few side effects and a 
much lower systemic toxicity than current therapies. It can 



also selectively target micro-metastatic deposits, which are 
currently difficult to detect or treat. However, choosing only 
one criteria for selectivity, such as targeting delivery to 
proliferating cells or tissue specific expression, is not 
sufficient, as non-specific toxicity has been reported. Only 
by combining the most successful strategies in cancer gene 
therapy approaches, will a successful clinical treatment 
emerge. 
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Adenoviral vector systems for gene therapy can be much 
improved by targeting vectors to specific cell types. This 
requires both the complete ablation of native adenovirus tro- 
pism and the introduction of a novel binding affinity in the 
viral capsid. We reasoned that these requirements could be 
fulfilled by deleting the entire knob domain of the adenovirus 
fiber protein and replacing it with two distinct moieties that 
provide a trimerization function for the knobless fiber and 
specific binding to the target cell, respectively. To test this 
concept, we constructed adenoviral vectors carrying knob- 
less fibers comprising the a-helix trimerization domain from 
MoMuLV envelope glycoprotein. Two mimic targeting 



ligands, a Myc-epitope and a 6His-tag, were attached via a 
flexible linker peptide. The targeted knobless fiber molecules 
were properly expressed and imported into the nucleus of 
adenovirus packaging cells, where they were incorporated 
as functional trimers into the adenovirus capsid. Both ligands 
were exposed on the surface of the virion and were available 
for specific binding to their target molecules. Moreover, the 
knobless fibers mediated gene delivery into cells displaying 
receptors for the coupled ligand. Hence, these knobless fib- 
ers are prototype substrates for versatile addition of tar- 
geting ligands to generate truly targeted adenoviruses. Gene 
Therapy (2000) 7, 1940-1946. 
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Introduction 

Recombinant adenoviral vectors are being used as gene 
delivery vectors in a variety of gene therapy strategies. 
While the efficient transduction of many different human 
tissues is on the one hand an important attribute of aden- 
oviral vectors, this promiscuous tropism represents, on 
the other hand, a limiting feature for their use in gene 
therapy. In vivo delivery of adenoviral vectors yields 
efficient transduction of cells that may not be a target for 
the therapy, most notably liver cells. 1 - 2 Because of this 
vector sequestration by non-target cells, high vector 
doses are needed for effective gene delivery into target 
cells. This imposes an increased risk for unwanted side- 
effects of the gene therapy procedure, by direct toxicity 
or host immune responses against the vector. Therefore, 
adenoviral vectors could potentially be much improved 
if specific gene transfer into only the desired target cells 
is accomplished. 

The primary high-affinity binding of adenovirus to the 
host cell surface is mediated by the knob domain of the 
fiber protein. 3 - 4 This knowledge has directed several stra- 
tegies for adenoviral vector targeting by genetic modifi- 
cation of the viral capsid. Peptide motifs with receptor 
binding specificity have been incorporated into the fiber 
protein by extension of the carboxy terminus of the fiber^ 6 
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and by insertion into the flexible and accessible HI-loop 
of the fiber knob. 9 - 10 These studies have confirmed the 
feasibility of the two approaches to generate adenoviral 
vectors with altered binding specificities. Importantly, 
Roelvink et al u recently ablated the native receptor-bind- 
ing domain by mutating the adenovirus type 5 (Ad5) 
fiber knob. By combining this mutation with the HI-loop 
insertion strategy, they developed a truly targeted adeno- 
virus vector. However, it appears that incorporation of 
targeting ligands in the fiber knob is not always compat- 
ible with proper fiber folding, resulting in loss of fiber 
functions. 7,8 Deletions in the fiber knob as small as only 
two amino acids can result in loss of fiber trimerization, 
the second important function of this domain. 12 - 13 Since 
the trimeric fashion of the fiber is essential for its incor- 
poration in the virus particle by binding to the penton 
base, 12 - 14 modifications that result in loss of trimerization 
function will prevent formation of viable viruses carrying 
the modified protein. Clearly, the development of chim- 
eric fibers that impose few demands on the structure of 
the ligand while retaining their trimeric quaternary struc- 
ture would extend the applicability of targeted adeno- 
viruses in gene therapy. 

Our approach to develop truly targeted adenoviruses 
is to delete the complete fiber knob and to replace it with 
two distinct protein moieties. The first moiety is a com- 
mon oligomerization motif found in many proteins, the 
ot-helical coiled-coil, 15 which serves to substitute for the 
fiber knob trimerization function. The second moiety is 
the target ligand that is coupled to the trimerization 
domain via a flexible linker peptide, such as to allow the 
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two moieties to adopt their functional conformations. To 
test this concept, we constructed a first set of knobless 
fiber mutants using the a-helix domain from the trans- 
membrane subunit pl5E of Moloney murine leukemia 
virus (MoMuLV) envelope glycoprotein 16 and two mimic 
targeting ligands, a Myc-epitope and 6His-tag. One of the 
chimeric proteins described here exhibited all the func- 
tions required for its use in targeted gene delivery. It was 
properly incorporated into the adenovirus capsid where 
its carboxy-terminal 6His- and Myc-epitopes were access- 
ible for specific binding to nickel ions and immobilized 
anti-Myc antibodies, respectively. Moreover, these knob- 
less fibers mediated gene transfer into cells displaying 
artificial receptors for His-tagged adenoviruses. Hence, 
the novel knobless fiber molecules described here are 
prototype substrates for incorporation of cell type- 
specific targeting ligands to generate truly targeted 
adenoviruses. 

Results 

Construction of knobless fiber genes 
Two chimeric genes encoding the entire Ad5 fiber tail 
and shaft domains and a trimerization domain derived 
from the MoMuLV envelope glycoprotein were made 
and were designated TSC and TSFLC, respectively 
(Figure 1). In both molecules, Ad5 fiber sequences are 
included that encode Met-1 to Thr-403, where Thr-403 is 
the last residue of the highly conserved TLWT motif that 
delineates the start of the fiber knob. The trimerization 
domain in both genes covers the 33-residue trimeric 
coiled-coil from Asp-515 to Leu-547 in the MoMuLV 
envelope glycoprotein. 16 This domain has no known 
binding function of its own. In TSC, the fiber shaft and 
trimerization domains are separated by the sequence Gly- 
Ser-Gly, in TSFLC these domains are linked via a classical 
(Gly 4 Ser) 3 linker commonly used in single-chain anti- 
bodies. Thus, TSC and TSFLC represent fusion proteins 
with a linkage between the fiber-shaft and a-helix 
domains that allows minimal or maximal folding free- 
dom, respectively. TSC and TSFLC each have a carboxy- 
terminal (Gly 4 Ser) 2 flexible linker extension with a unique 
BamHl restriction site to allow targeting ligand addition. 
To test these knobless fibers for properties relevant to 
their use in genetically targeted adenovirus we added a 
carboxy-terminal Myc-epitope and 6His-tag via the 
BamHl site, producing TSCmychis and TSFLCmychis, 
respectively. 
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Figure 1 Structure of knobless fiber mutants TSCmychis and 
TSFLCmychis. T, Ad5 fiber tail-domain; S, Ad5 fiber shaft-domain; C, 
MoMuLV pl5E coiled<oil domain; Myc-His, Myc(6His-tag from 
pcDNA3.1(-)mychi$-A. The protein length is given in number of amino 
acids and the predicted molecular weight in kilodalton. Relevant amino 
acids and restriction sites are indicated. Numbers refer to the correspond- 
ing amino acids in the parental proteins. 



Nuclear import of knobless fibers in mammalian cells 
Expression of TSCmychis and TSFLCmychis knobless 
fiber proteins was initially evaluated by transient trans- 
fection of eukaryotic expression plasmids in 911 packag- 
ing cells. 17 This allowed the analysis of nuclear import in 
El-complementing cells in the absence of a cytopathic 
effect (CPE). As a control, a vector expressing the bac- 
terial LacZ gene with C-terminal Myc/6His-peptide was 
used. Twenty-four hours after transfection, Myc-epitope 
containing proteins could be detected by immunocyto- 
chemistry allowing analysis of the intracellular localiz- 
ation of the chimeric proteins (Figure 2). As was 
expected, the control protein LacZmychis was detected 
predominantly in the cytoplasm of transfected cells. In 
contrast, TSCmychis and TSFLCmychis proteins accumu- 
lated in the cell nuclei, where adenovirus capsids 
assemble. Thus, the nuclear localization signal in the Ad5 
fiber tail is functionally intact and correctly targets the 
knobless fiber molecules with their carboxy-terminal pep- 
tide-ligands to the cell nucleus. 

Trimerization of knobless fibers and accessibility of the 
C-terminal tag for specific binding 

To produce knobless fiber-expressing adenovirus vectors 
on conventional 293 packaging cells 18 we cloned 
expression cassettes for TSCmychis and TSFLCmychis in 
the El -region of an adenovirus vector also carrying an 
expression cassette for enhanced green fluorescent pro- 
tein (GFP). The resulting vectors AdGFP-TSCmychis and 
AdGFP-TSFLCmychis co-express the knobless fiber vari- 
ants with wild-type fibers. As a negative control, AdGFP 
virus with GFP as the only El -insert was produced. 

Protein lysates were prepared from adenovirus vector- 
infected 293 cells and subjected to Western analysis using 
anti-Myc and anti-fiber knob antibodies (Figure 3a). This 
showed that TSCmychis and TSFLCmychis knobless fib- 
ers were expressed, albeit at much lower levels than the 
wild-type fiber. The oligomeric structure of the knobless 
fiber molecules was assessed by comparing their electro- 
phoretic mobility under semi-native versus denaturing 
conditions. As can be seen in Figure 3a, both TSCmychis 
and TSFLCmychis exhibited the expected molecular 
weight of approximately 50 kDa. Under semi-native con- 




Figure 2 Nuclear import of knobless fiber proteins in 911 packaging cells. 
Cells transfected with CMV-driven expression constructs were stained 
with anti-Myc MoAb after 24 h. (a) mock transfection (empty 
pcDNA3.1(-)mychis-A vector); (b) pcDNA3.1(-)mychi$LacZ; (c) 
pCMVtpl-TSCmychis; (d) pCMVtpl-TSFLCmychis. 
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ditions, approximately 5-10% was found as oligomers, as 
estimated by comparing band intensities of the high mol- 
ecular weight and monomelic protein species. This 
shows that the MoMuLV trimerization domain is func- 
tional in both knobless fiber variants. The apparent mol- 
ecular weight of the knobless fiber oligomers was larger 
than expected for homotrimers. However, analysis of the 
same samples with an antibody recognizing the trimeric 
wild-type fiber showed that most of this protein also 
migrated at a larger apparent molecular weight 
(Figure 3a). This is a well-described phenomenon that can 
be explained by partial unfolding of the fiber tail and 
shaft under laboratory conditions. 19 

We next investigated if the 6His-targeting ligand at the 
C-terminus of the knobless fiber molecules was accessible 
for binding. To this end, cell lysates were incubated with 
nickel-nitrilotriacetic acid (Ni-NTA) metal-affinity matr- 
ices. Unbound material was washed away and specifi- 
cally bound 6His-containing proteins were eluted by 



a 



1 2 3 4 5 6 7 8 9 10 11 



MW 

(ktty 

201—1 
116- 
BO— I 

42—1 
33- 



~ x ~ n ~ - 




i " i 


boiled 


unboiled 


* 


f 1 I 



AntMlyc 



Anti-Fiber 




TSCmychis 



TSFLCmychis 



Figure 3 Analysis of knobless fiber proteins expressed in adenovirus vec- 
tor-infected packaging cells. Cell lysates were subjected to Western analy- 
sis using an anti-Myc or anti-fiber knob atitibody as indicated. Sizes of 
molecular weight markers are shown, (a) Knobless fiber protein oligomer- 
ization assessed by semi-native (unboiled) vs denaturing (boiled) SDS- 
PAGE. lanes 1 and 5, uninfected 293 cells; lanes 2, 6 and 9, AdGFP 
infected; lanes 3, 7 and 10, AdGFP-TSCmychis infected; lanes 4, 8 and 
11, AdGFP-TSFLCmychis infected, (b) Ni-NTA binding of knobless fiber 
proteins. Lysates (total) of 293 cells infected with AdGFP-TSCmychis (left 
panel) or AdGFP-TSFLCmychis (right panel) were loaded on to Ni-NTA 
beads, unbound material was collected and analyzed (unbound), as well 
as material eluted al low stringency (30 mM imidazol; wash) and at high 
stringency (300 mM imidazol; elution). 



competition with imidazol. Individual fractions were 
subjected to Western analysis. As can be seen in 
Figure 3b, TSCmychis and TSFLCmychis proteins bound 
to Ni-NTA matrices, confirming that their C-terminal 
ligand is accessible for binding. 

Incorporation of knobless fibers in adenovirus capsids 
To investigate if the knobless fiber molecules are incor- 
porated in complete adenovirus capsids, high-titer virus 
stocks of vectors AdGFP, AdGFP-TSCmychis and 
AdGFP-TSFLCmychis were purified by CsCl banding 
and subjected to Western analysis for wild-type and 
knobless fiber variants (Figure 4). As expected, wild-type 
fiber trimers were detected on the capsids of all three 
viruses and knobless fibers were not seen on AdGFP par- 
ticles. TSCmychis molecules were only inefficiently co- 
purified with intact adenovirus particles. In contrast, the 
knobless fiber protein TSFLCmychis was reproducibly 
detected on AdGFP-TSFLCmychis particles. 

To corroborate the capsid incorporation of 
TSFLCmychis molecules further, we investigated if func- 
tional AdGFP-TSFLCmychis viruses could bind with 
specificity to mimic receptors for the knobless fiber mol- 
ecule. Accessibility of the 6His-tag on the virus capsid 
was tested by binding the virus to Ni-NTA beads. Elution 
of virus particles at increasing stringency of imidazol 
competition was quantified by measuring the functional 
GFP- vector titer (Figure 5a). The wild-type fiber-express- 
ing AdGFP virus was gradually washed out upon sub- 
sequent incubation steps, indicating that as expected it 
did not bind to Ni-NTA with specificity. In contrast, 
approximately 9.5% and 1.3% of the total recovered 
AdGFP-TSFLCmychis virus was found in the 50 mM and 
250 mM imidazol elution fractions, respectively. In 
addition, full-length viral DNA could be isolated from 
the 250 mM fraction and visualized on EtBr-stained aga- 
rose gel (not shown). Hence, intact infectious AdGFP- 
TSFLCmychis viral particles bound to Ni-NTA with high 
affinity via their 6His-tagged knobless fibers. 

We also tested functional exposure of the Myc-tag on 
the virus capsid. To this end, AdGFP or AdGFP- 
TSFLCmychis virus was allowed to bind to immobilized 
anti-Myc antibody or to anti-fiber knob antibody as a 
control. Target cells were exposed to the bound virus and 
GFP-vector titers were measured (Figure 5b). Both 
viruses bound efficiently to the anti-fiber knob antibody 
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Figure 4 Protein analysis of purified adenovirus particles. Approximately 
7 x 10* CsCl-purified virus particles were subjected to Western analysis 
for wild-type fiber using anti-fiber knob MoAb or for knobless fiber 
mutants using anti-Myc MoAb as indicated. A total protein lysate of 293 
cells infected with AdGFP-TSCmychis virus was used as a control (cell 
lysate). Sizes of molecular weight markers are indicated. One of three 
Western analyses performed is shown. TSCmychis molecules were 
only detected in this experiment, TSFLCmychis molecules were found 
reproducibly. 
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(functional titers of 2.4 x 10 8 and 2.6 x 10 8 per 1 x 10 9 
input virus particles, respectively). Background binding 
of the negative control AdGFP virus to the anti-Myc anti- 
body was very low (ie only 0.2% of the anti-fiber knob 
binding). In contrast, approximately 2.3% functional 
AdGFP-TSFLCmychis viruses bound to the anti-Myc 
antibody, with 0.6% of these viruses adhering to the 
control plates. 

Taken together, these findings explicitly demonstrate 
that the TSFLCmychis knobless fiber is incorporated in 
complete adenovirus vector capsids and exposes both the 
6His-tag and the Myc-epitope for specific binding. The 
relative incorporation of knobless fibers compared with 
wild-type fibers was low. This is most probably a reflec- 
tion of the relative abundance of the two fiber species in 
the packaging cells. 



a 



100 



a> 

§ 10 
u 

9> 



c 

if 1 

a 



0.1 



Qgfp 

■ TSFLCmychis 




unbound 5mM 50 mM 
purification fraction 



250 mM 



□ no Antibody ■ anti-fiber knob ■ anti-Wye 




1.E+07' 



AdGFP- 
TSFLCmychis 



AdGFP 



AdGFP- 
TSFLCmychil 



figure 5 Accessibility of Myc and 6His-tags on knobless fiber carrying 
adenovirus particles, (a) Binding of adenovirus particles to Ni-NTA. 10 12 
virus particles were incubated with Ni-NTA beads and unbound particles, 
and particles eluting from the beads after competition with 5, 50, and 
250 mM imidazol, respectively, were analyzed. Functional GFP virus tit- 
ers were determined by limiting dilution titration. The bars depict the 
recovered virus in each individual Ni-NTA fraction as a percentage of 
the total recovered virus. The results shown are the average ± s.d. of two 
individual experiments each performed in duplicate, (b) Binding of adeno- 
viruses to MoAbs. Left panel, binding of virus to anti-fiber knob MoAb 
per 10 9 input particles. Right panel, percentage virus bound to the anti- 
Myc MoAb, relative to the positive control binding to anti-fiber knob 
MoAb. The figure shows the result of a representative experiment perfor- 
med in triplicate. Values given are average ± s.d. No second antibody, 
negative control plates coated with RbaMlgG only. 



Targeted gene transfer by knobless fiber-carrying 
adenoviruses into cells displaying an artificial receptor 
Knobless fiber-mediated gene transfer was demonstrated 
using 293.HissFv.rec cells. 20 293.HissFv.rec cells display 
an anti-His single-chain antibody variant on their surface 
that functions as an artificial receptor for 6His-tagged 
adenoviruses. 20 Hence, these cells can be used to test the 
ability of 6His-tagged knobless fibers to function as 
primary binding molecules for CAR-independent 
adenovirus-mediated gene transfer. 

293.HissFv.rec cells were infected with AdGFP or 
AdGFP-TSFLCmychis vectors at various MOI and GFP 
expression was measured the next day (Figure 6). To dis- 
criminate between wild-type and targeted infection, the 
alternative fiber-receptor interactions were blocked with 
neutralizing anti-fiber knob and anti-Myc antibodies, 
respectively. When the CAR-binding site on the wild- 
type fiber was blocked with anti-fiber knob antibody, 
gene transfer by AdGFP was efficiently inhibited to 
approximately 2% background infection. In contrast, 
depending on the MOI, AdGFP-TSFLCmychis virus exhi- 
bited 6-12% residual gene transfer in the presence of the 
anti-fiber knob antibody. Thus, part of the gene transfer 
by AdGFP-TSFLCmychis vector was wild-type fiber- 
independent. To confirm that this gene transfer was 
mediated by the TSFLCmychis knobless fiber, we added 
an anti-Myc antibody that binds to the carboxy terminus 
of the knobless fiber. This significantly reduced the gene 
delivery by AdGFP-TSFLCmychis vector, whereas it had 
no effect on the gene transfer by AdGFP. Hence, the 
TSFLCmychis knobless fibers on the AdGFP- 
TSFLCmychis capsid mediate targeted gene transfer 
through binding of their carboxy-terminal peptide to cell 
surface receptors. 
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Figure 6 Knobless fiber-mediated gene transfer into cells displaying an 
artificial receptor. 293.HissFv.rec cells were subjected to infection with 
AdGFP or AdGFP-TSFLCmychis at MOI of 30, 100 or 300 particles per 
cell. Gene transfer was quantified by GFP fluorescence measurement. 
Wild-type fiber-dependent gene transfer was blocked with anti- fiber knob 
MoAb, knobless fiber-mediated gene transfer was blocked with anti-Myc 
MoAb. Results are given as average percent GFP expressing cells ± s.d. 
from a representative experiment performed in triplicate. Open bars, 
unblocked control infections; black bars, with anti-fiber knob MoAb; gray 
bars, with anti-fiber knob MoAb and anti-Myc MoAb. Relative percentage 
transduced cells in the presence of neutralizing anti-fiber knob MoAb com- 
pared with unblocked controls is indicated above the corresponding bars. 
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Discussion 

Genetic modification of adenovirus capsid proteins to tar- 
get new cell surface receptors is a potentially efficient 
way to overcome the promiscuous tropism of wild-type 
adenovirus vectors. The key role of the fiber knob in the 
adenovirus infection pathway makes this domain a 
rational target for such an endeavor. However, little is 
known about the structural requirements for successful 
ligand incorporation into the complex fiber knob 
domain. 21 The currently available data suggest that both 
the carboxy-terminal extension and the HI-loop insertion 
strategies allow inserts that are either very small or exhi- 
bit a high degree of protein flexibility. Here, we report 
on the generation of a new class of chimeric fibers in 
which the knob is replaced by a much less complex struc- 
ture that complements for the trimerization function of 
the knob, but that is completely devoid of its wild-type 
binding property. To this end, we selected the trimeric 
a-helical coiled-coil that is found in the extraviral portion 
of the pl5E envelope protein of MoMuLV 16 and made 
two knobless fiber variants that differed only in the nat- 
ure of the peptide linkage between the fiber shaft and 
trimerization domain. Upon expression in adenovirus 
packaging cells, both knobless fibers with their peptide- 
tags properly accumulated in the cell nucleus. Further- 
more, the two chimeric fibers formed oligomers. In differ- 
ent independent experiments performed, however, the 
efficiency of trimerization detected on semi-native gels 
varied considerably and was sometimes even undetect- 
able. We attribute this to a rather weak stability of the 
molecules under laboratory conditions, which was not 
entirely unexpected, because p!5E coiled-coils have a low 
thermostability. 22 In any event, the efficiency of trimeriz- 
ation was sufficient for incorporation of the chimeric fib- 
ers into the viral capsid. Several independent lines of evi- 
dence explicitly demonstrated that the TSFLCmychis 
knobless fiber variant was incorporated in complete and 
functional adenovirus vectors and exposed both its car- 
boxy-terminal tags for specific binding. Capsid incorpor- 
ation of TSCmychis molecules was much less efficient, 
suggesting that flexibility of the linkage between the fiber 
shaft and trimerization domain is important. This was a 
surprising observation, because trimerization and nuclear 
import efficiencies of the two variants seemed compara- 
ble. In addition, recent knowledge on the structure of the 
fiber shaft suggest that residues 393-398 that were 
included near to the linkage site in both knobless fiber 
variants already form a flexible linker. 23 

Importantly, TSFLCmychis knobless fibers mediated 
CAR-independent gene transfer into cells displaying an 
artificial receptor for His- tagged adenoviruses. Thus, 
TSFLCmychis molecules were functional in providing 
primary attachment to alternative cell surface receptors. 
The efficiency of targeted gene transfer reached approxi- 
mately 10% of wild-type fiber-mediated transduction. 
Since the virus binding studies had indicated that 
AdGFP-TSFLCmychis particles carried only few 
TSFLCmychis molecules compared with wild-type fibers, 
we may conclude that TSFLCmychis knobless fiber- 
mediated gene delivery is very efficient. 

In conclusion, the TSFLC knobless fiber variant exhib- 
ited all functions required for its use in truly targeted 
gene transfer. It is therefore a prototype substrate to 
derive targeted adenovirus vectors for a variety of cell 



types that are important targets for gene therapy. To 
determine the true value of this approach vectors lacking 
wild-type fibers will have to be made. For this purpose, 
it is of note that both carboxy-terminal peptide tags of 
the knobless fiber were accessible for functional binding. 
This will allow the incorporation of a cell type-specific 
binding ligand in place of the Myc-epitope, while the 
6His-tag can be employed for vector propagation on 
293.HissFv.rec cells. Such completely knobless virus par- 
ticles may perhaps encounter similar limitations as have 
been observed with completely fiberless particles. 24 - 25 As 
yet unidentified domains of the fiber have been shown 
to play a role in particle maturation 24 - 26 and intracellular 
trafficking 27 If either of these functions is mediated by 
the fiber knob, completely knobless fiber particles may 
exhibit reduced infectivity. Finally, the current generation 
of knobless fibers may be further improved by enhancing 
their thermostability. To this end, teachings on structural 
design of trimeric coiled-coils are at hand. 28 - 29 The stab- 
ility of the current generation of chimeric fibers was 
shown to be sufficient for incorporation of peptide tar- 
geting-ligands, but a better stability could perhaps 
become important when more complex ligands, such as 
single-chain antibodies, are added. 

Materials and methods 

Construction of recombinant piasmids and adenoviral 
vectors 

The knobless Ad5 fiber genes TSC and TSFLC were con- 
structed using PCR techniques. To construct TSC, Ad 5 
sequences 31042-32250 were amplified using primers T- 
for (S'-CTAATACGACTCACTATAGGCTCGAgccaccAT- 
GAAGCGCGCAAGACCGTC-30 and CS-rev (5'-CATC 
TCCGGAACCGGTCCACAAAGTTAGCTTATC-3'). T- 
for contains a Xhol site (underlined) and sequences fulfil- 
ling the Kozak consensus (small case) upstream of the 
Ad5 nt 31042-31061. CS-rev contains the antisense 
sequences of MoMuLV nt 7316-7319, three codons for 
Gly-Ser-Gly (bold), and Ad5 nt 32230-32250. The 
MoMuLV pl5E helix was amplified using primers TC-for 
(5'-GTGGACCGGTTCCGGAGATGATCTCAGGGAGGT 
TGA-30 and C-rev (5-G CTAGGATCCT CCACCTCC 
GGAACCTCCCCCTCCITCTTTTAGAAATAAC-3'). TC 
-for contains Ad5 nt 32244-32250, codons for Gly-Ser-Gly 
(bold) and MoMuLV nt 7316-7335. Antisense primer C- 
rev contains codons for (Gly 4 -Ser) 2 (bold) including a 
restriction site for BamHl (underlined) and MoMuLV nt 
7414-7435 (the first two Gly residues of the flexible linker 
are from the MoMuLV envelope). Next, both PCR pro- 
ducts were mixed and amplified in an assembly PCR 
with sense primer T-for and antisense primer XFL-rev (5'- 
GC TCTAGA GCTAGGATCCTCCACCTCC-3'), contain- 
ing a Xbal site (underlined). To construct TSFLC, Ad5 nt 
31042-32250 were amplified using primers T-for and FLS- 
rev(5 / -GCTATC CTCCGGAA CCGCCTCCACCGGTCCAC 
AAAGTT AGCTT ATC-3') . FLS-rev contains the antisense 
sequences of Gly 4 -Ser-Gly 2 (bold) including a BspEl site 
(underlined), and Ad5 nt 32230-32250. The MoMuLV 
p!5E helix was amplified using primers FLC-for (5'- 
GGTTCCGGAGGAGGAGGATCAGGTGGTGGTGG 
ATCAGATGATCTCAGGGAGGTTGA-3') and C-rev. 
FLC-for contains codons for Gly-Ser-(Gly 4 Ser) 2 (bold) 
including a BspEl site, and MoMuLV nt 7316-7335. Both 
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PCR products were (partially) digested with BspEl, 
mixed, ligated, and amplified using primers T-for and 
XFL-rev. 

TSC and TSFLC were cloned into pcDNA3 vector 
(Invitrogen, San Diego, CA, USA) using the flanking Xhol 
and Xbal sites, yielding constructs pCMV-TSC and 
pCMV-TSFLC, respectively. Correct construction of the 
fusion genes was confirmed by sequencing. pCMV- 
TSCmychis and pCMV-TSFLCmychis were made by 
replacing the Notl-BamHl fragment from pcDNA3.1 
(-)/Myc-His/LacZ (Invitrogen) with the Notl-BamHl 
fragment from pCMV-TSC or pCMV-TSFLC. In the ORF 
of pCMV-TSCmychis and pCMV-TSFLCmychis the C- 
terminal (G 4 S) 2 linker is followed by the 29 amino acid 
sequence ELGTKLG PEQKLISEEDLN SAVD HHHHHH, 
where the Myc-epitope and 6His-tag are underlined. 

The Ad2 tripartite leader (TPL) sequence was amplified 
from pMadS 30 using primers X-TPL (5'-TGCTCTA- 
GACTCTCTTCCGCATCGCTG-3'), containing a Xbal site 
(underlined), and TPL-E (5'-CAG GAATTC TTGC 
GACTGTGACTGGTTAG-3'), with an EcoRI site 
(underlined). The Xbal and Xhol (TPL nt 172) digested 
PCR product was inserted into Xbal/Xhol digested 
pCMV-TSCmychis or pCMV-TSFLCmychis, creating 
pCMVtpl-TSCmychis and pCMVtpl-TSFLCmychis, 
respectively. 

The Ad2 major late promoter (MLP) and TPL were 
amplified from pMad5 using primers N-MLP (S'-CTAA- 
GAATGCGGCCGCGAGCGGTGTTCCGCGGTC-3'), con- 
taining a Notl site (underlined) and TPL-E. The PCR pro- 
duct was Notl/ EcoRI (blunt) inserted into pBluescript II 
SK(-) (Stratagene, La Jolla, CA, USA) upstream of the 
Xhol (blunt) /Pmel fragment of pCMVtpl-TSCmychis or 
pCMVtpl-TSFLCmychis and the BamHl (blunt) /HmdIII 
SV40-pA fragment from pTet-Off (Clontech, Palo Alto, 
CA, USA). The correct sequence of the MLP-TPL PCR 
product was confirmed. The Notl-Clal inserts were iso- 
lated and the CM sites were made blunt-end. These frag- 
ments were cloned into pAdTrack 31 digested with 
Notl/Kpnl (blunt), giving constructs pAdTrackMLP- 
TSCmychis and pAdTrackMLP-TSFLCmychis, respect- 
ively. 

Adenovirus vector production 

Recombinant adenoviruses were produced by homolo- 
gous recombination in 293 cells. 18 Adenovirus backbone 
plasmid pAdEasy-1 31 was digested with Pad and cotrans- 
fected together with Pad /Pmel-digested pAdTrack, pAd- 
TrackMLP-TSCmychis or pAdTrackMLP-TSFLCmychis 
by the Lipofectamine PLUS (Life Technologies, Paisley, 
UK) method according to the manufacturer's guidelines. 
Virus was prepared and further expanded on 293 cells 
using standard procedures. 

Purified virus stocks were prepared by two rounds of 
CsCl banding and dialysis against 10 mM Hepes pH 7.4, 
10% glycerol, 1 mM MgCl (storage buffer; SB) and were 
stored at -80°C until use. Virus identity was confirmed 
by PCR analysis. Virus particle titers were determined by 
OD260 measurement after lysis in PBS, 1% SDS, 1 mM 
EDTA at 55°C. Functional titers in infectious units were 
determined by end-point dilution infection on 
293.HissFv.rec cells 20 and detecting GFP-expressing cells 
6 days after infection. The absence of replication-com- 
petent adenovirus was confirmed by infection of A549 
(ATCC No. CCL-185) cells. 



Analysis of knobless fiber expression 
Transfection on 911 cells 17 was performed using Lipofec- 
tamine PLUS reagent (Life Technologies) according to the 
manufacturer's instructions. Expression analysis by 
immunocytochemistry was performed at 24 h after trans- 
fection, using anti-Myc MoAb 9E10, 32 RbaMIgG-AP con- 
jugate (Dako, Glostrup, Denmark) and BCIP/NBT sub- 
strate (Dako). Cells were counterstained with nuclear 
fast red. 

For immunoblot analysis of adenovirus vector-infected 
293 cells, cells in full CPE were harvested, washed in PBS, 
and lysed by four freeze-thaw cycles and three times 10 s 
sonification. Western samples were prepared by adding 
2 volumes Laemmli loading buffer with 2% SDS, 5% |3- 
mercaptoethanol and 5 min heating at 95°C (denaturing 
condition) or a modified loading buffer with 0.2% SDS 
and lacking p-mercaptoethanol, without heating (semi- 
native condition). Samples were separated by 7.5% SDS- 
PAGE and transferred to PVDF membrane (Sequiblot; 
Bio-Rad, Hercules, CA, USA). Immunoblots were pro- 
cessed according to standard procedures, using anti-Myc 
MoAb 9E10 or anti-fiber knob MoAb 1D6.14, 33 RbaMIgG- 
HRPO conjugate (Dako) and Lumilight PLUS chemilumi- 
nescence detection reagent (Boehringer Mannheim, 
Mannheim, Germany). Fibers on adenovirus particles 
were analyzed under semi-native conditions as described 
above for cell lysates, starting from CsCl purified virus 
stocks in SB. 

Ni-NTA purification of His-tagged proteins and viruses 
Cell lysates were prepared from adenovirus vector- 
infected 293 cells as described above and cleared by cen- 
trifugation. Ni-NTA Superflow resin slurry (Qiagen, 
Hilden, Germany) equilibrated in PBS with 300 mM NaCl 
(PBS-300) and 5 mM imidazol was added to reach 10% 
v/v beads. After 1 h incubation at 4°C, Ni-NTA resin was 
spun down and the unbound material was harvested. 
The beads were washed twice with 3 volumes PBS- 
300/5 mM imidazol (discarded) and once with 3 volumes 
PBS-300/30mM imidazol. Finally, specifically bound 
material was eluted by incubation with 3 volumes PBS- 
300/300 mM imidazol. The eluted proteins were concen- 
trated using Ultrafree-0.5 centrifugal filters with Biomax- 
10 membrane (Millipore, Bedford, MA, USA) according 
to the manufacturer's instructions. 

Virus particles (10 12 ) in SB were mixed with 0.1 volume 
Ni-NTA beads equilibrated in SB and incubated for 5 h 
at 4°C by end-over-end rotation. Beads were sedimented 
by gravity on ice and unbound material was aspirated. 
Beads were washed twice with 9 volumes SB/5 mM imid- 
azol, twice with 9 volumes SB/50 mM imidazol and once 
with 9 volumes SB/250 mM imidazol. The unbound frac- 
tion and first-step elutions at 5 mM, 50 mM, and 250 mM 
imidazol were kept for analysis. 

Antibody-mediated virus binding assay 
Ninety-six-well Microlon 200 ELISA plates (Greiner, 
Frickenhausen, Germany) were coated with lOjxg/ml 
RbaMIgG MoAb (Dako) in PBS for 2 h at 37°C. After two 
washes with PBS, plates were incubated for 1.5 h at 37°C 
with PBS/1% BSA as a negative control or with 1 jxg/ml 
anti-fiber knob MoAb 1D6.14 or anti-Myc MoAb 9E10 in 
PBS/1% BSA. After three washes with PBS, limiting 
dilution particle titrations of CsCI-purified virus were 
made in triplicate in DMEM/F12 medium (Life 
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Technologies) with 2% fetal bovine serum (FBS) and 
allowed to bind for 1 h at 37°C. Unbound virus was 
removed by five washes with PBS. Next, 293.HissFv.rec 
cells in DMEM/F12 medium with 10% FBS were seeded 
into the wells. After overnight culture at 37°C, cells were 
harvested, washed in PBS, fixated in PBS with 2.5% for- 
maldehyde and analyzed for GFP fluorescence on a FAC- 
Scan (Becton Dickinson, San Jose, CA, USA) according to 
standard procedures. Titer of functional virus bound was 
calculated according to the following equation: % GFP- 
expressing cells x number of cells seeded x virus dilution. 

Targeted virus infection assay 

293.HissFv.rec cells were seeded at 1 x 10 5 cells per well 
in 24-well tissue culture plates 24 h before infection. Virus 
was diluted in triplicate in DMEM/F12 with 1% FBS with 
or without 50 |xg/ml 1D6.14 MoAb and/or 25 jxg/ml 
9E10 MoAb, and incubated at RT for 30 min. Next, the 
virus /antibody mixtures were added to the cells at MOI 
ranging from 30 to 300 particles per cell. The virus was 
allowed to bind for 30 min at RT, following which the 
medium was replaced by DMEM/F12 with 10% FBS. 
After 24 h incubation at 37°C, cells were harvested and 
analyzed for GFP expression on a FACScan according to 
standard procedures. 
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Abstract 

Silica particles (quartz dust) are toxic to macrophages after 
their uptake into these cells. These experiments describe the 
opsonization mechanism(s) and macrophage receptor(s) in- 
volved in silica uptake. Freshly isolated rat liver macrophages 
(Kupffer ceils) were incubated at 37°C with silica particles in 
the presence or absence of autologous or heterologous plasma 
or purified plasma fibronectin and cell viability was assessed at 
various times. Within 60 min of coincubation, > 80% of macro- 
phages were lysed in the presence of plasma or purified fibro- 
nectin but not in their absence (viability > 90%). Lysis was 
slower with defibronectinized plasma (28% in 60 min). Macro- 
phages could be protected from lysis by addition of the monosac- 
charide yV-acetyl-D-galactosamine but not by JV-acetyl-D-glu- 
cosamine. Galactosylated serum albumin but not mannosylated 
albumin or native albumin exerted full protection from lysis. 
The pentapeptide GRGDS also prevented macrophage lysis in 
synergy with yV-acetyl-galactosamine. Enzymatic deglycosyla- 
tion of fibronectin reduced lysis significantly. These findings 
indicate an important opsonizing activity for fibronectin and 
dual recognition via the lectin-like galactose-specific binding 
activity of membrane-associated C-reactive protein and by inte- 
grin receptor(s). Binding experiments (at 4°C) revealed initial 
binding as primarily gakctose-inhibitable, suggesting integrin- 
mediated binding as a later event necessary for effective up- 
take. (/. Clin. Invest. 1992. 90:1819-1824.) Key words: macro- 
phages • rat • fibronectin • C-reactive protein • integrin • silica 
particles. 

Introduction 

Quartz dust particles are known to exert rapid and selective 
killing of macrophages ( 1 ) after their uptake into the phago- 
cytes. Killing is dependent on uptake of the particles and leads 
to destruction of phagolysosomes as the earliest event (2, 3). 
Upon inhalation, silica dust is known to cause persistent in- 
flammation, fibrosis, and granuloma in lung of humans and 
experimental animals (4, 5). 

Upon injection into circulation, silica particles have been 
shown to effectively block various functions of the reticuloen- 
dothelial system (6-8), which are exerted mainly by the large 
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population of resident liver macrophages, the Kupffer cells ( 9 ) . 
A number of experimental studies on the role of macrophages 
in various diseases have used the macrophage-toxic effects of 
silica to impair in vivo phagocyte function in animals (6, 
10,11). 

We now describe experiments where blockade of the toxic 
action of silica particles, i.e., blockade of their uptake, is used to 
elucidate the opsonic mechanism(s) and modes of recognition 
and uptake of silica particles by freshly isolated rat liver macro- 
phages. 

Methods 

Chemicals. Silica particles (fraction DQ12) were kindly provided by 
Dr. Armbruster from the Rheinische Bergbau und Kohle Verein, Dort- 
mund, Germany. The fraction DQ12 consists of medium sized (0.5- 
3.0 fim) quartz needles. 

Collagenase H and Mglycanase F (TV-glycosidase F, EC 3.2.2.18 
and EC 3.5.1.52) were from Boehringer Mannheim GmBH (Mann- 
heim, Germany), Eagle's Medium from Gibco BRL (Eggenstein, Ger- 
many), neoglyco proteins from Janssen Pharmaceutics (Beerse, Bel- 
gium), mono- and disaccharides from Fluka AG (Neu-Ulm, Ger- 
many). Gelatine-Sepharose 4B was from Pharmacia Fine Chemicals 
(Heidelberg, Germany). Antisera against the human proteins albu- 
min, immunoglobulins; C-reactive protein (CRP), 1 serum amyloid 
protein, complement components Clq, C3, C4, and fibronectin were 
from Dakopatts ( Hamburg, Germany ) and Jackson ImmunoResearch 
Labs, Inc. (West-Grove, PA). All other chemicals were obtained from 
Sigma Chemical Co. (Tau f kirchen, Germany). 

Isolation of rat liver macrophages. Rat liver macrophages were ob- 
tained by isolated liver perfusion with Collagenase H ( 180 mg in 100 
ml perfusion buffer) and differential centrifugation of the resulting cell 
suspension, exactly as described previously (12). The resulting prepara- 
tion routinely contained > 80% macrophages with ~ 10% contaminat- 
ing hepatocytes and endothelial cells each. All experiments were per- 
formed with freshly isolated liver macrophages. 

Plasma preparation. Blood was drawn from healthy volunteers or 
from rats without any chelating agent or with EDTA ( 10 mM). Care 
was taken to avoid air contact and cells were immediately removed by 
centrifugation. 0.5 ml of plasma or 0.5 ml of purified plasma fibronec- 
tin ( ~ 200 Mg/ml, see below) in Tris-buffered saline ([TBS]: 50 mM 
Tris, 100 mM NaCl, pH 7.2] was incubated with 50 /d of silica suspen- 
sion (5 mg/ml TBS) for 30 min at room temperature. This suspension 
was then used for macrophage incubations. For controls, 50 til of silica 
was incubated with TBS in the absence of any protein but otherwise 
under identical conditions (sham incubation). 

Plasma fibronectin (pFn) isolation. Fibronectin was isolated ex- 
actly as described ( 13): 20 ml of rat plasma (with 10 mM EDTA) was 
applied to a Gelatin-Sepharose column (20-ml bed size), washed with 
TBS buffer (20 mM Tris, 100 mM NaCl, 0.1 mM PMSF). A second 
wash with TBS plus 1 M urea was followed by elution of pFn with 4 M 



1. Abbreviations used in this paper: CRP, C-reactive protein; (GalNac, 
yV-acetyl-galactosamine; GlcNAc, yV-acetyl-glucosamine; GRDGS, 
Gly-Arg-GIy-Asp-Ser; mCRP, membrane-associated CRP; pFn, 
plasma fibronectin; pFn-Au, fibronectin-coated colloidal gold parti- 
cles; TBS, Tris-buffered saline. 
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urea in TBS. Purity of each isolation was checked by SDS-PAGE and 
silver staining, only preparations with no contamination were used. 
Purified pFn was used after extensive dialysis against TBS. 

Deglycosylation of pFn-coated silica. For experiments with degly- 
cosylated fibronectin, enzymatic cleavage of glycans was performed on 
pFn immobilized ( attached ) to silica particles as described above. Enzy- 
matic digestion with JV-glycanase F was performed as recommended by 
the manufacturer J (KM of purified rat pFn-coated silica was centri- 
fuged ( 10,000 g, 5 min), washed twice with Tris-buffer (50 raM Tris, 
pH 8.0) and resuspended in 50 mM Tris (pH 8.0), 20 mM EDTA, 
0.1% Triton X-100, and 4 U tf-g)ycanase F. After incubating at 37°C 
for 6 h, silica was again washed three times and finally resuspended in 
TBS. An aliquot of pFn-silica was sham incubated without TV-glycanase 
F but otherwise identically. Particle aggregation by serial dilutions of 
ricin ( RCA l20 ) and Con A was used to evaluate the success of deglyco- 
sylation as described previously (14), which showed a significant 
though not complete (~ 80%) reduction in agglutinability. 

Cell incubation. 50 /U of isolated Kupffer cell suspension (2 X 10 6 
cells/ ml) in Eagle's medium was mixed with 25 ti\ of plasma-silica 
mixture or pFn-silica and CaCl 2 added to a final concentration of 2 
mM. Cells plus silica were incubated at 37°C for the times indicated. 
For cell viability by trypan blue exclusion test aliquots were drawn 
from cell suspensions, mixed with an equal volume of 0.5% (wt/vol) 
trypan blue solution and immediately counted. 

Electron microscopy. Adsorption of purified pFn onto colloidal 
gold particles with a mean diameter of 1 7 nm (pFn-Au ) and cell-bind- 
ing assays with pFn-Au were performed as described previously (14). 
Briefly, cells were mixed with pFn-Au in Eagle's medium plus CaCl 2 (2 
mM) incubated for 1 0 min at 4°C. Binding was stopped by addition of 
an equal volume of ice-cold cacodylate-Ha-buffered 0.2% glutardial- 
dehyde, immediately centrifuged, washed twice to remove unbound 
particles, and then processed for transmission electron microscopy. 
Ligand binding was quantified on electron micrographs of ultrathin 
sectioned specimens at a final magnification of 20,000x. Numbers of 
gold particles bound to the plasma membrane were counted and the 
length of plasma membranes determined using an HP 65 (Hewlett- 
Packard, Dusseldorf, Germany) equipped with a digitizing board and 
an area/distance program (HP-menu, Hewlett-Packard). 

Results 

Silica-mediated macrophage killing depends on opsonization 
by pFn. Isolated rat liver macrophages incubated at 37°C with 
silica particles in the absence of serum proteins can be main- 
tained for 60 min and longer without loss of viability (Fig. 1). 
Addition of autologous plasma, obtained without coagulation 
inhibitors, leads to time dependent loss of viability as assessed 
by trypan blue exclusion and will lead to up to 80% dead cells 
within 60 min. Decrease of live cells is identical with addition 
of xenogeneic plasma of human origin (Fig. 1 ). 

Electron microscopy of cells thus incubated confirms that 
lysis of macrophages was dependent on previous endocytosis of 
silica particles. Disruption of internal phagolysosomal mem- 
branes in the vicinity of silica needles was frequently found 
(Fig. 2). Micrographs also showed that in the absence of 
plasma absolutely no uptake was observed (not shown). 

Agglutination of human plasma-opsonized silica particles 
with a series of antisera against human plasma proteins (albu- 
min, immunoglobulins, serum amyloid protein, CRP, comple- 
ment components Clq, C3, C4, fibronectin) showed that the 
particles were coated by fibronectin mostly, with little comple- 
ment C3, traces of Clq, and none of the other proteins tested 
detectable. 

To prove the dominant role of fibronectin in opsonization 
we repeated the macrophage toxicity assay described above by 



% vtafate MO 




Figure 1. Viability of freshly iso- 
lated rat liver macrophages (MO) 
after coincubation with silica par- 
ticles. 10 s liver macrophages in 
100 ft\ of TBS were incubated with 
silica particles ( final concentration 
125 Mg/ml) at 37°C for the times 
indicated. Silica was either incu- 
bated with autologous rat plasma 
(+r-plasma, □), human plasma 
(+h-p!asma, •), or was sham-in- 
cubated ( -plasma, x ) as described 
in Methods. Cell viability was 
measured by trypan blue exclu- 
sion. Values are the mean±SD of 
three to eight individual experi- 
ments. 



adding purified autologous rat plasma fibronectin. As shown in 
Fig. 3, results are identical. In confirmation of pFn as the most 
important opsonic signal, addition of pFn-free plasma led to a 
small decrease of macrophage viability only ( statistically signifi- 
cant from plasma or purified pFn: P < 0.005 ). 

Inhibition with monosaccharides or (neo) glycoproteins. 
We had previously shown that immobilized fibronectin is 
bound by liver macrophage membrane-associated CRP 
(mCRP), earlier termed galactose-particle receptor, in a galac- 
tose /^-acetylgalactosamine inhibitable way (14). Therefore 
incubation experiments with plasma- or pFn-opsonized silica 
and liver macrophages in the presence of various monosaccha- 
rides were performed. Whereas neither Macetyl-glucosamine 
(GlcNAc) nor mannose addition had any effect on macro- 
phage survival, AT-acetyl-galactosamine (GlcNAc) blocked up- 
take of the opsonized particles ( Fig. 4 ) . The extent of blockade 
was the same with rat plasma or human plasma or purified 
fibronectin as opsonizing agents. 

Inhibition experiments were also performed with glycopro- 
teins and neoglycoproteins. As shown in Fig. 5, the two glyco- 
proteins exposing terminal galactosyl groups completely pre- 
vented the toxic effect in a concentration-dependent way. Asia- 
lofetuin exposing a maximum of 1 2 terminal galactose residues 
per molecule exerted half-maximal inhibition at a concentra- 
tion of ~ 2 X 10" 5 mol/liter, galactose-BSA containing an 
average of 37-45 gal per molecule showed half-maximal inhibi- 
tion at ~ 5 X 10" 8 mol/liter. Neither mannose-BSA nor native 
BSA had significant protective effects, proving the galactose- 
specific recognition mode involved. 

The relative inhibitory activity of the glycoproteins was 
measured with rat plasma, purified rat pFn, or purified human 
pFn. Comparison of the data obtained showed no difference, 
neither in the various carbohydrate compounds nor in their 
relative concentrations needed for inhibition. 

Role of Arg-Gly-Asp (RGD) -recognizing integrin receptors. 
The experiments described confirm a major role of fibronectin 
as opsonizing signal and a galactose-specific recognition by 
mCRP. Fibronectin, however, is known to be bound to many 
cell surfaces, including macrophages, via recognition of the 
RGD sequence by integrin receptors. 

Whether the pentapeptide Gly-Arg-Gly-Asp-Ser (GRGDS ) 
would have a protective effect in macrophage-silica incubation 
experiments was therefore tested. Surprisingly the pentapep- 
tide also prevents lysis in a concentration dependent way with 
full protection achieved at 2 mg/ml. Again results were identi- 
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F^W. Electron micrographs of freshly isolated liver macrophages incubated with plasma-opson.zed s.l.ca """^^^"^S^T 
incubated as in F.g 1 <+r-/>tam fl ). After incubation for 10 min at 37»C, cells were fixed and processed for n.nsm.ss.0^ ectron ' 
Shown are details from a macrophage not yet lysed. (a) Part of a digestive vacuole ^in^»««Part«i«a«^»b^^e famed 
areas air shown at higher magnification in (ft) and (c). (ft and c) Silica particles an: found outs.de the vacuoles and rupture of vacuolar l.mng 
membrane is evident 
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% vtabto mo Figure 3. Isolated liver macro- 

phages (MO) were incubated as in 
Fig. 1 . Silica particles were previ- 
ously incubated either with autol- 
ogous plasma ( +plasma, 0 ) t with 
fibronectin purified from autolo- 
gous plasma (+pFn, a), with rat 
plasma after removal of fibronec- 
tin by gelatin-Sepharose 
(+plasma-pFn, X) or was sham in- 
cubated (-plasma, x ). Compari- 
son of the opsonizing agents show 
no difference in activity of whole 
plasma or purified fibronectin 
whereas removal of fibronectin 
from plasma diminishes toxic action significantly (P < 0.005 to 
plasma at 60 min). Values are the mean±SD of three to seven indi- 
vidual experiments. 



cal with rat or human plasma or purified pFn as opsonizing 
source ( Fig. 6 ) . Combination of low concentrations of compet- 
ing monosaccharide GalNAc and pentapeptide showed syner- 
gistic increase in protection from killing (Fig. 7). 

Deglycosylation of rat pFn-opsonized silica particles. Silica 
particles opsonized with purified rat fibronectin were treated 
with iV-glycanase F for 6 h before cell incubation to determine 
the role of the glycan portion(s). The enzymatic removal of 
N-glycans resulted in significant reduction of silica toxicity 
(Fig. 8) compared with sham-treated particles. The small re- 
duction in cell viability during the 60-min incubation period 
could be blocked to control values by addition of GRGDS ( Fig. 
SB). 

Binding experiments with pFn adsorbed onto colloidal 
gold. Since the toxic effect of silica particles depends on their 
uptake by the cells, binding experiments and quantitative elec- 
tron microscopy to elucidate the role of the two receptor activi- 
ties in initial recognition (binding) and /or uptake of opson- 
ized particles were performed. Quartz dust needles contain lit- 
tle electron scattering elements and thus are barely visible as 
single particles in transmission electron microscopy. The silica 
visible in Fig. 2 is aggregated to bundles and is thus recogniz- 
able. These conditions, however, allow no quantitative mea- 
surement of binding. Therefore fibronectin-coated collodidal 
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Figure 5. Concentration-dependent inhibition of toxic action by gly- 
coconjugates. Isolated liver macrophages were incubated with rat fi- 
bronectin-opsonized silica particles for 60 min at 37 °C in the pres- 
ence of various concentrations of galactosylated bovine serum albu- 
min (Gal-BSA) y asialofetuin {ASF), mannosylated BSA (Man-BSA), 
or native BSA. Controls were macrophages incubated in the absence 
of silica (hatched bar) or with unopsonized silica (gray bar). 



gold particles ( pFn- Au ) were used in these experiments. Macro- 
phages were incubated with pFn-Au at 4°C with or without 
monosaccharides, pentapeptide, or the mixture. The amount 
of particles bound per micrometer of plasma membrane was 
determined on electron micrographs of the fixed and processed 
specimen. As shown in Fig. 9, binding of pFn-Au was com- 
pletely inhibited by GalNAc (significantly different from bind- 
ing in Fig. 9 A : P < 0.001 ) but not by GlcNAc (no significant 
difference to Fig. 9 A). In contrast, addition of GRGDS at 
highest concentration ( 2 mg/ml ) did not lead to complete inhi- 
bition of surface binding (significantly different from GalN Ac- 
inhibition: P < 0.001), although uptake at 37°C was com- 



% viable MO Figure 4: Inhibition of macro- 

phage (MO) lysis by monosaccha- 
rides. Liver macrophages were in- 
cubated as in Fig. 1 for 60 min at 
37°C before viability tests. Cells 
were incubated with: (A) pFn- or 
plasma-opsonized silica particles 
only; (B) as in (A), plus 80 mM 
Macetyl-D-galactosamine; (C) as 
in (A), plus 80 mM GlcNAc; (D) 
as in (A ), plus 80 mM mannose. 
Particles were opsonized either 
with rat plasma (gray bars) or with 
rat fibronectin (hatched bars) or 
with human plasma (open bars). 
Macetyl-D-galactosamine signifi- 
cantly protected cells from toxic action (P < 0.0001 between values 
in B and C). Values are the mean±SD of three to five individual 
experiments. 
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Figure 6. Inhibition of silica- 
mediated toxicity by the pen- 
tapeptide GRGDS. Isolated 
liver macrophages were coin- 
cubated with silica particles 
opsonized with rat plasma 
(gray bars), with rat fibronec- 
tin (hatched bars), or with hu- 
man plasma ( open bars). After 
60 min at 37 °C in the presence 
of the pentapeptide GRGDS 
at concentrations indicated, 
viability of macrophages ( MO) 
was assessed by trypan blue 
exclusion. Values at 2.0 mg/ml 
GRGDF are significanUy dif- 
ferent from 0: P < 0.0001. 
Values are the mean±SD of 
three to four individual experi- 
ments. 
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Figure 7. Synergistic action of 
GalNAc and pentapeptide- me- 
diated inhibition. Isolated macro- 
phages were incubated with rat 
pFn -opsonized silica for 60 rain at 
37°C in the presence of GalNAc 
concentrations indicated plus or 
minus pentapeptide. Viability of 
macrophages was 27% without in- 
hibitors and 93% with sham- 
treated silica, (o ) no peptide pres- 
ent, (o) plus 0.5 mg/ml penta- 
peptide, (•) plus 1.0 mg/ml 
pentapeptide. Values are the mean 
of two to four individual experi- 
ments. 



pletely blocked (not shown). The combination of 10 mM Gal- 
NAc and 1.0 mg/ml pentapeptide leads to total inhibition. 

Discussion 

Fibronectin is a multifunctional protein (for reviews see refer- 
ences 15-17) supporting, for instance, cell attachment and 
spreading of eucaryotes, bacterial cell adhesion, binding to a 
large number of substrates, and triggering a variety of cellular 
responses, including phagocytosis. 

All but one of the functions listed above are now mapped to 
specific areas of the fibronectin molecule, only the phagocyto- 
sis-mediating or -enhancing activity is not yet clearly ascribable 
to a specific part of the molecule. 

The experiments described here strongly support a domi- 
nant role for fibronectin as the prime opsonizing signal render- 
ing silica particles recognizable for liver macrophages: compari- 
son of all uptake and inhibition experiments did not show any 
difference whether whole plasma or purified pFn was used, 
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Figure 8. tf-glycanase F treatment of rat pFN-opsonized silica reduces 
its macrophage toxicity. Rat pFn-opsonized silica particles were in- 
cubated with JV-glycanase F or sham incubated as described in Meth- 
ods before addition to isolated macrophages. (A ) Time dependence 
of silica-mediated macrophage (MO) killing (□) W-glycanase F- 
treated particles, (•) sham-treated particles. (B) Inhibition of killing 
during an incubation of 60 min at 37°C with sham-treated pFn-silica 
{sham) or with A^-glycanase-treated pFn-silica (N-g-F). Control (C) 
was with sham-incubated silica (as -plasma in Fig. I ). (Open bars) 
no inhibitor added; (dark bars) in the presence of GalNAc (80 mM); 
(gray bars) in the presence of GRGDS (2 mg/ml). 



100 



80 



60 



40 



20 



% Fn-Au bound Figure 9. Competitive inhibition 

of binding of fibronectin-opson- 
ized particles to liver macrophages. 
Colloidal gold particles were 
coated with purified rat fibronectin 
(Fn-Au), isolated liver macro- 
phages were coincu bated for 10 
min at 4°C, and cells were pro- 
cessed for transmission electron 
microscopy. The number of parti- 
cles bound to cells was measured 
on electron micrographs. A, no 
additives; B, plus GalNAc (80 
a b u d c mM) . c, plus GlcNAc (80 mM); 

D, plus GRGDS (2 mg/ml); £, 
plus GalNAc ( 10 mM) and GRGDS ( I mg/ml). Data are the 
mean±SD from 35 to 45 individual cells micrographed from two dif- 
ferent experiments. 100% binding equals 1 1.3±5.8 Fn-Au particles/ 
10 fim plasma membrane. 

suggesting that in the presence of pFn this appears to be the 
dominant opsonizing molecule. In the presence of pFn-free 
plasma, silica-mediated macrophage killing is slowed down sig- 
nificantly. This finding is in agreement with the description of 
high affinity fibronectin receptors on isolated rat liver Kupffer 
cells (18). 

The immobilized fibronectin is recognized by two different 
receptor activities present on the rat phagocyte and both bind- 
ing activities have to act in synergy to mediate effective uptake: 
interference with either one of the two modes of recognition 
will lead to uptake blockade as visualized by the protective 
effect for cell viability. This double recognition mode may also 
explain the relatively high affinity of binding measured for fi- 
bronectin-opsonized particles on rat Kupffer cells (18), which 
was found to be one to two orders of magnitude higher than 
those measured for RGD recognition by integrins. 

A number of very different observations suggest synergism 
of RGD-recognizing integrins with other binding activities. On 
T lymphocytes (19) and melanoma cells (20), a second inte- 
grin ( ajix ) recognizes a peptide sequence ( Leu-Asp- Val ) in the 
IIICS domain of the fibronectin molecule. Immobilized but 
not soluble fibronectin in synergy with anti-CD3 antibodies 
supports activation and proliferation of naive T lymphocytes, 
whereas no effect is found with either of the two factors alone 
(21 ). Experimental data on adhesion of microvascular endo- 
thelial cells (22) and of fibroblasts (23) on fibronectin-coated 
surfaces as well as uptake of fibronectin-coated beads by gingi- 
val fibroblasts (24) also suggest involvement of additional rec- 
ognition modes. 

The interaction of immobilized but not soluble fibronectin 
with immobilized CRP has been observed (25-27) and re- 
cently we could show that the interaction of a membrane-asso- 
ciated form of CRP (mCRP) on rat liver macrophages (28) 
with immobilized fibronectin occurs via a low-affinity galac- 
tose-specific binding (14). 

I therefore now propose that the opsonic activity of the 
glycoprotein fibronectin partly resides in the peptide sequence 
of the central cell binding domain of this molecule and partly 
within its glycan portions, which so far have not been asso- 
ciated with any function besides protection from proteoly- 
sis (29). 

On the other hand evidence is increasing that low-affinity 
carbohydrate-specific interactions synergize with attachment 
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signals as has been recently shown very elegantly for the low-af- 
finity binding (rolling) via the selectin PADGEM as a prerequi- 
site for the leucocyte adhesion through integrins LFA-1 , Mac-1 
( 30) . In direct analogy to these results, I propose that the low- 
affinity interaction of mCRP with fibronectin-coated particles 
leads to a slowdown of these particles within the circulation, 
analogous to the leucocyte rolling, as a prerequisite for the de- 
velopment of stable integrin-mediated binding. This proposal 
is supported by the binding inhibition experiments. 

The competition data are of potential interest in prevention 
of pulmonary diseases associated with toxic and/or excessive 
dust burden. Both fibronectin as well as CRP are known constit- 
uents of broncho-alveolar lavage fluid and were recently de- 
scribed to increase in acute inflammatory processes (31, 32). 
Work is now in progress to examine silica uptake and receptor 
expression in rat alveolar macrophages. 
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We used the A-chain of the toxin ricin (RTA) as a toxin specific to Kupffer cells in mice. RTA is 
specifically taken up by the mannose receptor present exclusively in macrophages. Kupffer cells were 
quantitated by shifts in ^-glucuronidase clearance and microscopic counts of cells which phagocytosed 
India ink. When compared to saline controls, 20 mg/kg of RTA intraperitoneally (divided over 4 days) 
or intraportally (single doses) significantly prolonged the Up. half-life of /S-glucuronidase by 270 ± 37 
and 210 ± 8%, respectively. Kupffer cell numbers were significantly decreased by 27 ± 8 and 33 ± 16%. 
This effect persisted for . at least 3 days after toxin administration. Despite effects on Kupffer cell 
number, minimal histological damage to liver, spleen, lung, and heart was noted. Higher doses of RTA 
or doses potentiated by ureteral ligation to prevent renal clearance resulted in prohibitive mortalities 
and histologic liver damage. Doses of Hicra crepitans inhibitor, a toxin similar to RTA but not 
mannose-receptor specific, did not affect Kupffer cell numbers. We conclude that RTA given both 
intraperitoneally and intraportally at low doses is toxic specifically to Kupffer cells. Kupffer cell 
numbers can be indirectly measured by jS-glucuronidase clearance. © 1988 Academic Press, inc. 



INTRODUCTION 

Ribosomal inactivating proteins (RIPs) 
are toxins which are able to kill cells in a 1 : 1 
ratio by enzymatically inhibiting the 60 S 
subunit of the ribosome [1,2], The A-chain 
of the toxin ricin (RTA) is such a protein, 
30,000 Da in size and containing mannose 
residues [1]. Recently, Simmons et al [3] 
demonstrated that RTA is specifically taken 
up by rat bone marrow macrophages 
through mannose-receptor-mediated endo- 
cytosis. Similarly, Skilleter and Foxwell [4] 
have shown RTA to be taken up by rat he- 
patic nonparenchymal cells in a manner 
which is inhibited by D-mannose, while liver 
parenchymal cells showed only minimal 
nonspecific uptake of RTA. Since the man- 
nose receptor is found exclusively on macro- 
phages [5-8], the possibility was raised of 
using RTA as a toxin specific to Kupffer cells 
(liver specific macrophages). 

As a toxin specific for Kupffer cells in 
mice, RTA was administered by three routes 
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— intraperitoneal, intraperitoneal in the 
presence of ureteral obstruction, and intra- 
portal injection. Kupffer cell function was 
measured by clearance of a mannose termi- 
nal glycoprotein, ^glucuronidase, which is 
cleared via mannose-receptor-mediated en- 
docytosis [6]. Kupffer cell number was 
quantitated by microscopic counts of cells 
which phagocytosed carbon particles after an 
intravenous injection of India ink. 

MATERIAL AND METHODS 

Protocol 

Female Balb/c mice weighing 20 g were 
used (Sasco, Indianapolis, IN) and were 
grouped into control and treated groups. 
Since initial single doses of ricin A-chain 
(RTA) intraperitoneally (ip) had no effect on 
Kupffer cell function or number (n = 1 5), the 
toxin was subsequently administered as (1) 
daily intraperitoneal doses for 4 days using 
10 mg/kg RTA (n = 4), 20 mg/kg RTA (n 
- 18), and 30 mg/kg RTA (n = 4); (2) single 
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ip doses of 15 mg/kg RTA in the presence of 
ureteral obstruction (administered 24 hr 
after bilateral ureteral ligation, n = 8); or (3) 
as a single intraportal (ipv) injection of 10 
mg/kg RTA (n = 4), 20 mg/kg RTA (n = 6), 
or 30 mg/kg RTA (n = 4). For the list two 
groups, operations were performed under 50 
mg/kg Nembutal anesthesia using clean 
technique. Control animals for each group 
received normal saline (n = 4). Ureters were 
ligated with 4-0 silk ligatures 24 hr prior to 
toxin administration in Group 2. Doses of 
toxins are expressed as the total dose given to 
each animal. Mortalities are expressed as 
percentages for each treatment group. The 
KupfFer cell population was assessed 24 hr 
after the last dose of toxin. 

Toxins 

Ricin was purified from castor beans (Ri- 
cinus communis) purchased from Hum- 
mert's Seed Company (St. Louis), by the 
previously described protocol [9]. Briefly, 
after binding 70 mg of intact ricin to a 1 
X 30-cm galactose-Sepharose column, ricin 
A-chain was separated from B-chain by elut- 
ing with 250 cc of 1 M 2-mercaptoethanol in 
0.2 M Tris, pH 6.6. The eluate was passed 
through a second 1-cc galactose-Sepharose 
column (to bind any residual ricin and free 
B-chain), concentrated by Amicon PM-10 
ultrafiltration, and dialyzed against multiple 
volumes of Tris-buffered saline 24 hr prior to 
the experiments. The A-chain thus purified 
was contaminated with <0.02% intact ricin. 

A toxin similar to RTA, Hura crepitans 
inhibitor (HCI), also a member of the ribo- 
somal-inactivating protein family, was iso- 
lated as described in [10] from the sap of the 
Hura crepitans plant, kindly provided by 
Fairchild Botanical Gardens (Miami, FL). 
Sap (10 cc) was diluted with 10 vol of phos- 
phate-buffered saline, pH 7.2, and dialyzed 
against multiple volumes of the same buffer 
for 24 hr at 4°C. The suspension was then 
centrifuged at 28,000g for 30 min and the 
supernatant was chromatographed through 



acid-treated Sepharose 6B. The eluate was 
then dialyzed against a 5 mM phosphate 
buffer, pH 6.5, overnight, centrifuged at 
28,000# for 30 min, and then applied to a 
CM52 column. Elution of the column was 
performed with a 500-cc zero to 0.3 M NaCl 
gradient in the same buffer, 2-cc fractions 
were analyzed at 280 nm, and peak No. 5 
was pooled. 

The presence of toxin in each batch iso- 
lated was confirmed by 10% polyacrylamide 
gel electrophoresis (each toxin is 28,000- 
32,000 Da in size). Concentration was deter- 
mined by absorbance at 280 nm. Activity 
was established by ability to inhibit protein 
synthesis ([ 35 S]methionine incorporation 
after a 4-hr pulse of 5 fiG) in cultured rabbit 
alveolar macrophages [3]. Typically, the DD 50 
of RTA, i.e., the concentration needed to in- 
hibit 50% of [ 35 S]methionine incorporation 
in cultured macrophages (5 X 10 5 cells/cc 
RPMI media) was 0. 1 jug/mL 

Assay of Kupffer Cell Population 

The integrity of the Kupffer cell popula- 
tion at 24 hr (and at 3 and 7 days for two 
groups of animals receiving 20 mg/kg RTA 
intraperitoneally) after treatment with toxins 
was assessed by two methods: 

(a) Clearance of the lysosomal enzyme (3- 
glucuronidase. With a depleted population of 
cells, the ability of intact animals to clear this 
enzyme specifically through the mannose re- 
ceptor [8] should be impaired, the clearance 
curve should shift to the right and the calcu- 
lated half-life (t ip ) should increase, ^-gluc- 
uronidase was isolated by methods described 
in [ 1 1] from female rat preputial glands pur- 
chased from Harlan (Omaha, NE). After an- 
esthesia with 50 mg/kg Nembutal, 0.1 cc of a 
1.0 fig/ml solution of ^-glucuronidase was 
injected intravenously and 100-/J venous 
samples (from the tail) were taken at 0, 1, 
2.5, 5, 10, and 15 min and stored at 4°C. 
Serum ^-glucuronidase activity was deter- 
mined by incubation of 5 fd of serum diluted 
in 95 fil water with 100 /d of 4 mM 4-methyl- 
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umbelliferone ghicuronide (Sigma, St. Louis) 
dissolved in 0. 1 M acetate buffer, pH 4.5, at 
37°C for 1 hr. The reaction was then stopped 
with 1 .8 cc of 67 mM NaCl, 1 30 mM glycine, 
83 mM NaC0 3 , pH 10, and the level of free 
4-methylumbelliferone determined in a For- 
and fluorometer with Corning filters (pri- 
mary No. 5860, secondary No. 3387 and No. 
5583). Enzyme activity was expressed as a 
percentage of the level observed 1 min after 
completion of the ^glucuronidase infusion, 
and a clearance curve was generated. The 
half-life (tip) of ^-glucuronidase was esti- 
mated by fitting the clearance curve to a lin- 
ear line in a semi-log plot. 

(b) Kupffer cell numbers were determined 
by phagocytosis of intravenously injected 
carbon particles. After completion of the 
clearance test, 0.1 cc of India ink (Higgins 
Ink, Faber-Castell Corp., Newark, NJ), pre- 
viously filtered through a 20-fiM Millipore 
filter and diluted 1/10 in normal saline, was 
injected intravenously into treated and con- 
trol mice. Thirty minutes later, the animals 
were sacrificed. Animals not surviving 30 
min were excluded from the study. The tis- 
sues were fixed in formalin, and standard H 
and E stains were prepared. Cells containing 
carbon were counted in 16 high power fields 
(HPF, 100X) in a blinded fashion. Values 
were expressed as number of cells per high 
power field. Control specimens of kidney, 
heart, lung, and spleen were also examined 
for each animal. 

Statistics. All values are expressed as 
means ± SEM. Comparisons between 
treated and matched control groups were an- 
alyzed by unpaired student's t tests, and sta- 
tistical significance was defined at the P 
< 0.05 level. 

RESULTS 

Normal Saline Groups 

Mice treated with normal saline intraperi- 
toneally (n = 5) or intraportally (n = 4) had 
tip. of ^-glucuronidase of 7.4 ± 0.3 and 6.9 
± 3.5 min, respectively. Clearance was com- 



pletely inhibited by the presence of 50 mg/ml 
yeast mannan (tip > 100 min, n = 2), con- 
firming mannose-receptor-mediated uptake. 
Kupffer cell counts for both groups were also 
similar, with respective values of 14.1 ± 2.3 
and 12.6 ± 0.8 cells per HPF (Fig. 6A). All 
animals treated with saline showed no sign of 
illness while most animals treated with RTA 
did show anorexia, weight loss, lethargy, and 
piloerection. 

Histology 

Samples of liver, spleen, lung, heart, and 
kidney were examined histologically in each 
group of animals. In general, all groups 
showed no structural damage (necrosis, isch- 
emia, or thrombosis) to the liver, heart, lung, 
or spleen. In the ureteral obstruction group, 
evidence of hydronephrosis was present in 
the kidneys, while the kidneys were normal 
in all other groups. 

Kupffer Cell Counts and ^-Glucuronidase 
Clearance 

Intraperitoneal ricin A-chain. Single doses 
of RTA (1 to 40 mg/kg, n = 15) had no effect 
on ^-glucuronidase clearance or Kupffer cell 
counts (data not shown). Doses divided over 
4 days, however, showed a dose-related re- 
sponse (Figs. 1 and 2). A total dose of 10 
mg/kg caused a slight increase in ^-glucuron- 
idase half-life (8.6 ± 2.5 min, P = NS) and a 
slight decrease in Kupffer cell counts (11.6 
± 1.1 cells/HPF, P = NS) with no mortality 
within the group (n = 4). RTA, 20 mg/kg, ip, 
divided over 4 days, increased the tip to 20 
± 7.3 min (P < 0.05 compared to saline con- 
trol values) and decreased Kupffer cell 
counts to 10.3 ± 0.8 cells/HPF (P < 0.05 
compared to saline controls), but had a mor- 
tality rate of 28% (n = 7). Divided doses of 30 
and 40 mg/kg RTA had mortality rates of 
over 50% (n = 8). Although surviving ani- 
mals had depressed Kupffer cell counts, all 
specimens showed histologic evidence of he- 
patic sinusoidal congestion and diffuse mild 
vacuolization of hepatocytes. 
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FtG. 1. Clearance of intravenously injected 0-gluo 
uronidase in mice 24 hr after completion of intraperito- 
neal administration of RTA. (•) Normal saline control, 
(■) 10 mg/kg RTA divided over 4 days, (a) 20 mg/kg 
RTA divided over 4 days, (♦) 15 mg/kg RTA given as 
one dose 24 hr after bilateral ureteral ligation. Values are 
expressed as means ± SEM. 



In order to determine the duration of 
Kupffer cell depletion by RTA, 1 1 additional 
animals were treated with RTA and were 
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Fig. 2. Kupffer cell counts (cells/HPF; 16 fields aver- 
aged; magnification, 100X) in mice 24 hr after intraperi- 
toneal RTA. The control, 10 and 20 mg/kg, doses were 
administered as divided doses over 4 days, and the 15 
mg/kg (uo) dose was administered as a single dose 24 hr 
after bilateral ureteral ligation (uo). *P < 0.05 compared 
to control. **P < 0.05 compared to control and 20 
mg/kg RTA. 
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Fig. 3. Recovery of Kupffer cell counts (•) and 0- 
glucuronidase clearance (■) 1, 3, and 7 days after intra- 
peritoneal RTA (20 mg/kg divided over 4 days). Control 
values for cell counts and ^-glucuronidase half-lives (/ ]/2 ) 
are shown on y axis. Kupffer cell counts remain de- 
pressed for 3 days after drug administration and ap- 
proach original values by 7 days. Half-lives start to re- 
turn to normal by 3 days and at 7 days are back to 
baseline. *P < 0.05 compared to saline control. 



studied at 3 days (n *= 4) or 7 days (n = 4) 
after receiving 20 mg/kg RTA ip (mortality 
= 27%). At 3 days Kupffer cell counts remain 
depressed (8.13 ± 0.74 cells/HPF, P < 0.05 
compared to control), while the half-life of 
^-glucuronidase had apparently begun to re- 
cover (13.2 ± 3 min, P < 0.05 to control) 
(Fig. 3). At 7 days, both Kupffer cell counts 
(10.63 ± 1.25 cells/HPF) and ^-glucuroni- 
dase half-life (7.89 ± 1.5 min) had recovered 
such that they were not statistically signifi- 
cantly different when compared to saline 
controls. 

Since RTA has a molecular weight of 
30,000 Da, and has been shown to be present 
in the kidney after an intravenous dose (up 
to 12% of the injected dose [12]), a group of 
mice were given ip injections 24 hr after bi- 
lateral ureteral obstruction. A single ip dose 
of 1 5 mg/kg RTA in the presence of ureteral 
obstruction (Figs. 1 and 2) increased the 
of ^-glucuronidase to over 20 min (n = 3) 
and depressed Kupffer cell counts to 5.9 
± 0.42 (significant when compared to both 
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saline controls and to 20 mg/kg RTA divided 
over 4 days) (Fig. 6C). Unfortunately, this 
group of eight animals showed a mortality 
rate of 63%, and histologic specimens of the 
liver showed pronounced portal venous and 
sinusoidal congestion in addition to the 
Kupffer cell depletion. 

Intraportal ricin A-chain. Single doses of 
ricin A-chain intraportally had more pro- 
nounced effects on the Kupffer cells than in- 
traperitoneal doses, with less mortality. Ten 
milligrams per kilogram ipv (n = 4) and 20 
mg/kg ipv (n = 6) caused only slight in- 
creases in the t m of ^-glucuronidase, 7.3 
± 2.5 min (P = NS) and 14.7 ± 1.2 min (P 
< 0.05 compared to saline controls), respec- 
tively (Fig. 4), while significantly reducing 
KC counts to 9.31 ± 1.4 and 8.38 ± 2.3 
cells/HPF (P < 0.05 compared to controls, 
Figs. 5 and 6B). No mortalities occurred in 
either group, while doses of 30 mg/kg and 
above were associated with mortalities of 
100% (n = 4). 

^-Glucuronidase clearance. jff-Glucuroni- 
dase clearance seemed to be a fairly accurate 
measure of absolute Kupffer cell counts. 
Overall, the ^-glucuronidase tip correlated 
well with KC counts, with a correlation coef- 
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Fig. 4. Clearance of intravenously injected 0-gluc- 
uronidase in mice 24 hr after a single intraportal 
injection of RTA. (•) Saline control, (■) 10 mg/kg ipv, 
(A) 20 mg/kg ipv. Values are expressed as means ± SEM. 
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FIG. 5. Kupffer cells counts (cells/HPF; 16 fields aver- 
aged; magnification, 100X) in mice 24 hr after intrapor- 
tal RTA (10 or 20 mg/kg) given as a single dose. *P 
< 0.05 compared to saline control. 



ficient of r 2 = 0.44, P < 0.05. This indicates 
that this test is a good indirect measure of cell 
number. 

Hura crepitans inhibitor. Rabbit alveolar 
macrophages (5 X 10 5 cells/ml) when cul- 
tured in vitro for 18 hr with increasing doses 
of HCI showed a dose-dependent inhibition 
of protein synthesis (data not shown). The 
ID 50 was 5 /xg/ml compared to 0. 1 /ig/ml for 
RTA. Unlike RTA, HCI showed no inhibi- 
tion of activity in the presence of yeast man- 
nan, indicating a non-mannose-receptor- 
mediated event. We therefore used HCI in 
vivo as a toxin for non-mannose-receptor- 
mediated uptake. Animals exposed to 20 
mg/kg intraperitoneally divided over 4 days 
had mortalities of 100% (n = 4). When 10 
mg/kg was given divided over 2 days, mice 
showed 12.2 ± 2 (n = 4) Kupflfer cells/HPF 
(Fig. 6D). Histology of the liver in three ani- 
mals showed numerous scattered acidophilic 
bodies; two animals showed pancreatitis. Al- 
though more toxic in vivo than RTA, HCI 
did not affect the mannose-receptor-bearing 
Kupffer cells by histologic criteria. j8-Gluc- 
uronidase clearance tests in these animals 
were not performed. 




Fig. 6. Typical histologic specimens of liver tissue from experimental animals. All animals were pre- 
treated with India ink 30 min prior to sacrifice, highlighting the Kupffer cells (white arrow in (A)). (A) 
Normal saline control; (B) 20 mg/kg RTA ipv 24 hr prior to sacrifice; (C) 1 5 mg/kg RTA ip in the presence 
of ureteral obstruction, arrowhead denotes hepatic congestion; (D) HCI 20 mg/kg ip in two divided doses 
with final dose 24 hr prior to sacrifice, black arrow denotes acidophilic body. Magnification, 90X. 



DISCUSSION 

We used the A-chain of the toxin ricin 
(RTA) as a toxin specific to Kupffer cells in 
vivo. The toxin is apparently specific to 
Kupffer cells; the most effective dose (i.e., 
most depletion with least mortality) was 20 
mg/kg ipv or ip. At this dose, Kupffer cells 
were depleted by 33 and 27%, respectively. 
No histologic evidence of injury to the liver, 
spleen, kidney, heart, or lung was seen. This 
effect appeared to last for at least 3 days, and 
by 1 week evidence of Kupffer cell repopula- 
tion was found 

This in vivo data parallels previous work 
performed with RTA. Skilleter and Foxwell 
[4] and Simmons et al [3] showed that RTA 
is specifically toxic in vitro to rat macro- 
phages and liver nonparenchymal cells by 



mannose-receptor-mediated endocytosis. 
Bourrie et ah [12] showed that immuno- 
toxins formed by linking the antibody T101 
(specific for the Tl antigen) to RTA are pref- 
erentially cleared in vivo by the liver in a 
manner inhibited by yeast mannan (i.e., 
probably through the mannose-receptor- 
bearing Kupffer cells). We postulate that in 
our model, mouse Kupffer cells are affected 
via the mannose receptor. In animals de- 
pleted of Kupffer cells, decreases in the clear- 
ance of the mannosylated glycoprotein 0- 
glucuronidase were observed. Also, in exper- 
iments using HCI, a toxin similar to RTA 
but which is not mannose receptor specific, 
Kupffer cell numbers were unaffected and 
evidence of damage to liver and pancreatic 
parenchyma was noted. This was probably 
due to specific uptake of the toxin through a 
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different receptor or by a nonspecific mecha- 
nism. 

Doses of RTA greater than 20 mg/kg ip or 
ipv resulted in prohibitive mortality rates. 
Attempts to potentiate the effects of the drug 
through bilateral ureteral obstruction, 
thereby blocking renal clearance of RTA, 
similarly resulted in lower KC counts, but 
yielded mortalities greater than 50% with his- 
tologic evidence of hepatic sinusoidal con- 
gestion. The increased mortality in these 
groups may be secondary to either nonspe- 
cific toxicity or to disruption of hepatic sinu- 
soidal tissue after elimination of the Kupffer 
cells. Derenzini et al [13] in one of the only 
studies on mechanism of toxicity of intact 
ricin to a host, showed that after injection of 
rats with ricin the liver was primarily af- 
fected. Electron microscopic examination 
revealed that severe sinusoidal destruction 
occurred first, after which thrombosis and 
necrosis of hepatocytes became evident Our 
findings of hepatic congestion may therefore 
be secondary to this effect in the sinusoids. In 
addition, greater than 30-40% depletion of 
Kupffer cells may not be compatible with 
life. 

If, however, the cau se of the higher mortal- 
ity is nonspecific toxicity, we may obtain a 
higher specific toxicity by using RTA linked 
to an anti-macrophage antibody or by alter- 
ing RTA to enhance its receptor specificity. 
Alternatively, one may use intact ricin, either 
linked to an antibody or even alone at sub- 
lethal doses as a specific toxin. Recent evi- 
dence has shown that hepatic nonparenchy- 
mal cells are 100 times more sensitive to in- 
tact ricin than are parenchymal cells [14]. 

Selective depletion of Kupffer cells may be 
a useful tool in hepatic transplantation. 
Kupffer cells, endothelial cells, and, in cer- 
tain conditions, bile duct cells have been 
shown to express the class II (la) antigen of 
the major histocompatability complex [15], 
while hepatocytes do not. Cells expressing la, 
particularly macrophages, mediate the pre- 
sentation of foreign antigen to T cells 
(thereby stimulating the immune response). 



Engemann et al. [16] have shown that in rat 
liver allografts, la expression increased in 
Kupffer cells dining periods of rejection and 
cells became la negative when transplanta- 
tion tolerance occurred (e.g., after cyclo- 
sporin A administration, survival >100 
days). Kupffer cells may be considered to act 
as an important mediator of liver allograft 
rejection. Selectively depleting the Kupffer 
cell population in donor hepatic tissue by 
using specific toxins may decrease the immu- 
nogenicity of the liver and modulate the de- 
velopment of subsequent rejection. 

Our observed close correlation of Kupffer 
cell counts and ^-glucuronidase clearance 
indicates that clearance can be used as an 
indirect, noninvasive measure of Kupffer cell 
numbers in mice (and rats [6]). Theoreti- 
cally, one could pretreat a donor animal with 
a toxin specific to Kupffer cells until a pre- 
determined shift occurs in the ^-glucuroni- 
dase clearance. The subsequently trans- 
planted Kupffer cell-depleted liver would 
then be suitable for study of development of 
rejection. 
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Kupffer cells are involved in phagocytosis and known to release biologically active mediators during early events of liver 
injury. Such functional properties of Kupffer cells can be modulated by methyl palmitate (MP). Therefore, efficacy of MP to 
modulate Kupffer cell function was evaluated in cultured primary Kupffer cells from rat liver. Phagocytic activity of Kupffer 
cells was measured by their capacity to phagocytize latex beads and the release of TNF-a, IL-10, IL-6, nitric oxide, and PGE2 
was determined in cell culture medium after incubating the cells with various concentrations of MP for 24 h followed stimulation 
with lipopolysaccharide (LPS) for 6 h. To understand the mechanism of phagocytosis, we investigated the hydrolysis of MP, and 
determine ATP levels and activity of NF-kB in MP-inhibited KupfTer cells. A significant decrease was observed in phagocytosis. 
Phagocytosis evaluated at 0.5 mM MP was found to be time-dependent with a maximum decrease of 49% at 6h. Exposure of 
Kupffer cells to MP followed by LPS stimulation showed a dose-dependent decrease in phagocytosis and reduced the release 
of TNF-a, IL-10, nitric oxide, and PGE2 but not of IL-6 levels in the supernatant as compared to the control. While ATP levels 
were unchanged, the nuclear factor NF-kB (p65) activity was inhibited in Kupffer cells treated with MP after LPS stimulation 
(35.6 RLU versus 49.6 RLU in control). Hydrolysis of MP was found to be time-dependent; maximum concentration of MP and 
palmiuc acid (hydrolysis products) in the cell being at 3 and 6h, respectively. In general, MP appears to reduce phagocytosis 
and levels of TNF-a, IL-10, nitric oxide, and PGE2 without affecting ATP levels and is probably mediated by NF-kB. This in 
vitro model is useful for detailed mechanistic studies of inhibition of phagocytosis by MP and other fatty acid esters 
© 2005 Elsevier Ireland Ltd. All rights reserved. 
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1. Introduction 

Methyl palmitate (MP, methyl ester of palmitic acid) 
and other fatty acid methyl esters (FAMEs) are endoge- 
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nous compounds (Lough et al, 1962; Leikola et aL, 
1965; Fisher et al., 1966; Lough and Garton, 1968; 
Kaphalia et al, 1995). Concentration of FAMEs can 
be increased after exposure to methanol in rats and 
human hepatocellular carcinoma (HepG2) cell line fol- 
lowing methanol exposure (Kaphalia et al., 1995, 1999; 
Mericle et al., 2004). In general, FAMEs can pen- 
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etrate mouse epidermis and alter microviscosity in 
vitro of synaptosomal membrane from rat and mon- 
key brain cortex (Wertz and Downing, 1 990; Lazar and 
Medzihradsky, 1992) and, in particular, MP is shown 
to inhibit Kupffer cell functions (Diluzio and Wooles, 
1964) and affect hepatocyte proliferation through mod- 
ulation of TNF-a (Rusyn et al., 2000). 

Kupffer cells are bone marrow derived hepatic 
macrophages, reside in sinusoids and are highly popu- 
lated in periportal area. Kupffer cells offer a first line 
of defense from noxious xenobiotic substances to avert 
toxicological consequences. However, in certain situa- 
tions activated Kupffer cells can also cause deleterious 
effects. 

MP has been shown to reduce/inhibit the hepato- 
toxicity induced by several chemicals (Sipes et aL, 
1991; Gunawardhana et al., 1993; Rose et al., 1997, 
2000) and imparts protection against sepsis (Villa et 
al., 1996; Meng et al., 1992). Pretreatment with MP 
increases survival of skin semi-allografts (Sebestik et 
aL, 1977) and orthotopic liver transplantation (Mara 
et al, 1991). However, the later claim has been dis- 
puted (Rentsch et al, 2002). These therapeutic effects 
are based upon the premise that MP inhibits Kupffer 
cell functions, yet no attempt has been made to eluci- 
date the mechanism of such inhibition. In this study, 
we show that MP reduces phagocytosis and alters the 
release of various mediators, a protective mechanism 
probably mediated through MP-induced inhibition of 
NF-kB. Since cytokines, PGE2, and nitric oxide can 
also be altered individually by fatty acids and/or alco- 
hol (Barton et al., 1991; Bradford et al„ 1999; Wallace 
et al., 2000), a time-dependent metabolism of MP was 
also investigated. 



2* Materials and methods 

2.1. Chemicals and reagent 

The RPMI 1640 and DMEM cell culture medium 
from Gibco (Grand Island, NY) and Diff-Quik stain 
set from Dade Behring AG (CH-3186 Dudingen, 
Switzerland) was used. Methyl palmitate (MP, purity 
>99%) was purchased from Sigma-Aldrich (St. Louis, 
MO). Radioactive [9,10- 3 H]-MP (specific activity 
60 |xCi/mmol, purity 99%) was purchased from Amer- 
ican Radiolabeled Chemicals Inc. (St. Louis, MO), 



2.2. Animals 

Male Sprague-Dawley rats (~175 g) obtained from 
Harlan Sprague-Dawley Inc. (Indianapolis, IN) were 
acclimatized and maintained in humidity and temper- 
ature controlled animal care facility for one week. 

2.3. Kupffer cell isolation 

Kupffer cells were isolated according to the standard 
procedures (Smedsrod and Pertoft, 1985; Pertoft and 
Smederod, 1987; Friedman and Roll, 1987). Briefly, 
rats were anesthetized with pentabarbital and abdom- 
inal cavity were opened, liver perfused with 200 ml 
complete Ca 2+ - and Mg 2+ -free Hanks balanced salt 
buffer through the portal vein at a flow rate of 1 2 ml/min 
at 37 °C. Subsequent perfusion was done with 100 ml 
DMEM containing 0.025% collagenase IV and 0.01% 
DNase at 37 °C for 5 min. Liver was removed and per- 
fused until the hepatic parenchyma beneath the cap- 
sule appeared liquefied. After complete digestion, the 
liver cells were dispersed in collagenase buffer. The 
resulting cells were filtered (mesh 40) and centrifuged 
(50 x g) for 3 min at 4°C. The supernatant was re- 
moved and the pellet was dispersed with RPMI 1640 
and centrifuged again. The pooled supernatant, which 
contains nonparenchymal cells, was washed twice with 
RPMI 1640 to remove the dead cells and debris. Non- 
parenchymal cells were then centrifuged on a Percoll 
density cushion at 1000 x g for 15 min, and the Kupf- 
fer cell fraction was collected and washed. Cells were 
seeded onto tissue culture plates (6 cm diameter) at 
a density of 5 x 10 6 cells/2 ml/plate. The cells were 
cultured in RPMI 1640 medium without fetal bovine 
serum at 37 °C, with 5% C0 2 . Non-adherent (endothe- 
lial) cells were removed after 20 min by washing the 
plated cells and replenished with RPMI 1 640 in 1 0% fe- 
tal bovine serum, 100 U/ml penicillin G and 1 00 (xg/ml 
streptomycin and the cells cultured for 48 h before 
treatment. The Kupffer cell enrichment was more than 
90% as determined by the cell morphology. 

2.4. Preparation of MP 

Two-hundred mM MP was dissolved in 0.5% 
ethanol. The working solution was made by dilution 
with fetal bovine serum, 3 min sonication and further 
dilution with RPMI 1640 medium to obtain 0.25, 0.5, 
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and 1 mM working solutions of MP in 10% fetal bovine 
serum. 

2.5. MTT cytotoxicity assay 

The Kupffer cells were treated with MP 0.5, 1, and 
2 mM for 24 h followed by with 20 \l\ MTT (0.5% in 
PBS) for 4.5 h. Hundred microliters 1 0% SDS-0.01 M 
HC1 was added and left for over night. The absorbance 
was measured at 570 nm. 

2.6. Phagocytic activity of Kupffer cells 

For time-dependent studies, Kupffer cells were 
treated with 0.5 mM MP for 0.5, 1, 2, 4, and 6h. For 
dose-dependent studies, the Kupffer cells were treated 
with MP (0.25, 0.5, and 1 mM) for 24 h followed by 
LPS (500ng/ml) stimulation for 6h. The latex beads 
were added (14 |xl/plate, 10%, 3 jxm size) and incu- 
bated for additional 2 h. The supernatant was decanted 
and the cells were carefully washed. Diff-Quik stain set 
was used to stain the cells per manufacturer's instruc- 
tions. More than 40 Kupffer cells were counted for in- 
ternalized latex beads under the microscope (400 x) in 
minimum of four fields. Photographs were taken using 
a Nikon FE2 camera. 

2.7. Measurement of cytokine in cell culture 
medium 

TNF-a, IL-6, and IL-10 cytokine production by 
Kupffer cells were determined in the supernatant af- 
ter treatment with MP at different concentration (0.25, 
0.5, and 1 mM) for 24 h, followed by with or without 
LPS (500ng/ml) stimulation for 6h. The supernatant 
was collected and TNF-a, IL-6, and IL-10 were mea- 
sured using kits (KRC30 1 1 , KRC006 1 , and KRCO 1 0 1 ) 
from Biosource (Camarillo, CA). 

2.8. Measurement of nitrite and prostaglandinE2 

The concentration of nitrite, a stable oxidized prod- 
uct of nitric oxide, was determined in cell culture su- 
pernatant by Griess reagent. Briefly, 100 \l\ culture 
supernatant was combined with 200 \x\ Griess reagent 
100 |xl 1% sulfanilamide in 5% H3PO4 and 100 pi 
0. 1 % iV-(l-naphthyl) ethylenediamine dihydrochloride 
in water in a 96-weli plate, followed by spectrophoto- 



metry measurement at 570 s nm. Nitrite concentration 
in the supernatants was determined using sodium nitrite 
as standard. ProstaglandinE2 (PGE2) was measured 
using the kit (RPN22) from Amershan Biosciences 
(Buckinghamshire, UK). 

2.9. Hydrolysis of MP by Kupffer cells 

Kupffer cells were treated with 0.5 mM [9,10- 3 H]- 
MP (5 x 10 6 DPM/u,mol/dish) for different times. The 
cells were washed with PBS thrice before extraction. 
The supernatant and cells were extracted thrice with 
10 ml chloroform: methanol (2:1, v/v). The extracts 
were pooled, concentrated to 100 jxl and subjected 
to thin layer chromatography (TLC) using petroleum 
ether: diethyl ether: acetic acid (75:5:1, v/v/v), as sol- 
vent, for the separation of palmitic acid (PA) and MP. 
Silica gel corresponding to the relative flow of MP and 
PA was scraped, desorbed with methanol: water (6:1, 
v/v) , mixed with 1 5 ml scintillation cocktail, and the ra- 
dioactivity measured by Packard 1900CA Liquid Scin- 
tillation Analyzer, 

2.10. ATP levels 

ATP levels were measured in cell lysates using 
ATP Bioluminescence assay kit HS II (Roche Diag- 
nostics Gmbh, Mannheim, Germany) on Fluoroskan 
Ascent FL (Thermo Labsystems, Franklin, MA) per 
manufacturer's instructions and data expressed as 
10" 6 mol/10 6 cells. 

2.11. NF-kB assay 

The NF-kB p65 binding activity (RLU) was quanti- 
fied using NF-kB p65 Chemi transcription factor assay 
kit (Active Motif, Carlsbad, CA) on Fluoroskan Ascent 
FL. The nuclear extract was prepared using nuclear ex- 
tract kit from Active Motif and 1 .5 y,g protein/well was 
used to determine NF-kB binding activity. 

2J2. Statistical analysis 

All data are presented as mean ± standard error of 
the mean (S.E.M.). Analysis of variance (ANOVA) fol- 
lowed by Student-Newman-Keuls post hoc test was 
used to analyze the data. Values with p<0.05 were 
considered statistically significant. 
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Fig. 1 shows the effect of MP on Kupffer cell via- 
bility and phagocytic activity. Cell viability, as deter- 
mined by MTT assay, decreased significantly (p < 0.0 1) 
at 2raM MP while changes at 0.5 and 0.1 mM MP 
were insignificant (Fig. 1A). Fig. IB shows a time- 
dependent decrease in phagocytic activity of the Kupf- 
fer cells at 0.5 mM MP, which was significant at 4 
and 6h (p<0.05). The phagocytic activity of Kupffer 
cells decreased significantly at all the MP concentra- 
tion tested (Fig. 2), when cells were incubated with MP 
for 24 h followed by LPS treatment for 6 h (p < .05). 

The concentration-dependent release of cytokine 
TNF-ot, IL-6, and IL-10 from the Kupffer cells after 
exposure to MP is shown in Fig. 3. TNF-ot released 
from the Kupffer cells after exposure to 1 mM MP 
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Fig. 2. Phagocytic activity of Kupffer cells as determined by latex 
bead uptake after exposing to various concentrations of MP for 24 h 
followed by LPS stimulation for 6 h. Values are mean ± S.E. of four 
determinations Cp < 0.05 vs. control). 



(A) 



(B) 



120* 




~ 100- 
o 








I 80 






- 60 






1 40- 






> 






1 20 
n . 






c 



•Vv' 



0.5 1 
MP (mM) 



100- 
80- 




.2? 

8 60- 

t 






g" 40- 
Q. 




1 


55 20- 






0- 







T 


T, 


. *■* ■ 








i 














i 




•V- V : 


0.5 1 



ft 



■ vr..- 



Incubation time (h)(MP 0.5mM) 



Fig. 1 . Effects of MP on primary rat Kupffer cell viability and phago- 
cytic activity. Kupffer cells were incubated with various concentra- 
tions of MP for 24 h. Cell viability was determined by MTT assay 
(A), and time-dependence of phagocytosis was determined by latex 
bead uptake at 0.5 mM MP (B). 



for 24 h following LPS stimulation for 6 h was signifi- 
cantly lower than control (p< .01) (1567pg/ml versus 
2532pg/ml in control) (Fig. 3 A). As shown in Fig. 3B, 
IL-10 decreased by seven-fold in the 1 mM MP treated 
cells (76pg/ml versus 555 pg/ml in control). The cells 
not stimulated with LPS did not show any decrease 
in the levels of either TNF-a or IL-10. However, re- 
lease of IL-6 in the supernatant at 0.5 mM MP without 
LPS stimulation was significantly higher than control 
(p < 0.05) (166 pg/ml versus 128 pg/ml in control) and 
also with LPS stimulation than that of control, but sta- 
tistically not significant (Fig. 3C). 

The nitrite production, as shown in Fig. 4A, was 
significantly inhibited (0.35, 0.33, and 0.30 jxM, as 
compared to 0.53 pJM in control) after exposure of 
Kupffer cells to MP (0.25, 0.5, and 1 mM, respectively) 
for 24 h (p<0.05). No change in nitrite production 
was observed in cells stimulated with LPS. The PGE2 
(Fig. 4B) was also decreased Q?<0.05) at 1 mM 
with (13.0ng/ml versus 19.6ng/ml in control) or 
without (23.7 ng/ml versus 38.9 ng/ml in control) LPS 
stimulation. 

The hydrolysis of MP in Kupffer cells treated with 
0.5 mM [ 3 H]-MP is shown in Fig. 5. The hydroly- 
sis of MP was determined by measuring [ 3 H]-MP 
and [ 3 H]-PA in the supernatant and cells, which was 
found to be time-dependent in the supernatant; the 
lowest level of MP and highest level of PA were 
found at .l2h (0.09 mM and 0.37 mM, respectively) 
(Fig. 5A). The maximum concentration of MP in the 
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Fig. 3. The effect of MP on the release ofTNF-ot (A), IL-10 (B), and 
IL-6 (C) from rat liver Kupffer cell incubated with MP for 24 h and 
stimulated with LPS (500 ng/ml) for 6 h. TNF-ot (A), IL-10 (B), and 
IL-6 (C) were measured in the supernatant. Each bar graph represents 
the meani S.E. of four determinations Cp<$5 vs. controls). 
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Fig. 4. Nitrite (A) and PGE2 (B) contents in the supernatant of rat 
liver Kupffer cells treated with different concentrations of MP for 
24 h and stimulated with LPS (500ng/ml) for 6h. Each bar graph 
represents mean±S.E. of four determinations (*p<0.05 vs. con- 
trols). 

trol (35.6 RLU versus 49.6 RLU in control). No change 
occurred without LPS stimulation. 



4. Discussion 



cell was at 3h (5.4 nmol/10 6 cells) and of PA at 6 h 
(21.1 nmol/10 6 cells) (Fig. 5B). The total recovery of 
[ 3 H] radioactivity was -80% at all the time points stud- 
ied. Overall, the concentration of MP was low in the 
cells as compared to PA, and the concentrations of both 
were inversely proportional. 

No significant change in levels of ATP was observed 
after treatment of the cells with 0.5 mM MP for 24 h 
(Fig. 6). As shown in Fig. 7, the NF-kB p65 binding ac- 
tivity in the nuclear extract of Kupffer cells to oligonu- 
cleotide containing an NF-kB consensus binding site, 
treated with 0.5 mM MP for 24 h and stimulated with 
LPS for 6h, was significantly lower than that of con- 



Kupffer cells, the resident macrophages of the liver, 
contribute to various protective roles after activation. 
However, in some cases this protective role becomes 
detrimental and needs to be suppressed. Several chem- 
icals such as gadolinium chloride, glycine and MP are 
commonly used to suppress Kupffer cell function. MP 
suppresses the activation of Kupffer cells by ~70% 
(Cowper et al., 1 990). Although MP was used to sup- 
press Kupffer cell functions in several investigations 
(Sipes et al., 1991; Gunawardhana et al., 1993; Rose et 
al., 1997, 2000), the mechanism of such a suppression 
is not clear. Therefore, in the present study efficacy of 
MP to inhibit phagocytosis and release of various bi- 
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Fig. 5. The Hydrolysis of MP in Kupffer cells treated with 0.5 mM 
[9J0- 3 H]-MP (5 x 10* DPM/^mol) at different time intervals. The 
cells were harvested after centrifugation. The supernatant (A) and 
cells (B) were extracted with chloroform: methanol (2:1, v/v). The 
extract was subjected to TLC and the radioactivity corresponding to 
relative flow of MP and PA was measured. 
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Fig. 6. ATP levels in Kupffer cells treated with 0.5 mM MP for 24 h. 
ATP was determined in the cell lysates using Bioluminescence assay 
kit Values are mean ± S.E. of four determinations. 
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Fig. 7. NF-kB activation of Kupffer cell treated with 0.5 mM MP 
for 24 h and stimulated with LPS (500ng/ml) for 6h. The nuclear 
protein of Kupffer cells was extracted by nuclear extract kit (Active 
Motif)- The NF-kB p65 activation was measured by NF-kB p65 
Chemi transcription factor assay kit (Acdve Motif). Each bar graph 
represents mean± S.E. of six determinations (*p<05 vs. controls). 

ological mediators was evaluated in cultured primary 
Kupffer cells. 

MP is a persistent endogenous compound (Leikola 
et aL, 1965; Fisher et aL 1966; Lough and Garton, 
1968; Kaphalia et aL, 1995) and its concentration can 
be modulated by methanol treatment and inhibitors of 
fatty acid ethyl ester synthase (Kaphalia et aL, 1995; 
Mericle et aL, 2004). The pool of the FAMEs can 
also be increased by S-adenosylmethionine-associated 
methylation of free fatty acids (Zatz et aL, 1981). 

First set of experiments was conducted to establish 
the model. Indeed, the cultured isolated Kupflfer cells 
were viable and MP was able to inhibit their phago- 
cytic function in a time- and concentration- dependent 
manner as evident by the reduced uptake of latex beads. 
Inhibition of cytokine secretion of TNF-a and IL-10, 
nitric oxide and PGE2, indicate that MP also inhibits 
functional competency of Kupffer cells. These experi- 
ments validate inhibition of Kupffer cell functions by 
a fatty acid methyl ester (MP). Although inhibition of 
NF-kB activity was expected to suppress the secretion 
of IL-6 (Luckey et aL, 2002), increased levels of IL- 
6 after exposure to MP, as found in the present study, 
could not be explained. However, such a response is 
possible in an attempt of the cells to recover from the 
injury caused by MP, since IL-6 production is funda- 
mental to liver regeneration (Streetz et aL, 2000). 
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Kupffer cells play a key role in activation of cata- 
lase pathway of alcohol metabolism by increasing 
the availability of fatty acids for oxidation (Bradford 
et al., 1999). Present study clearly demonstrates that 
MP is hydrolyzed (metabolized) and is not 'non- 
metabolizable 7 as claimed earlier (Rose et al., 2000). 
With increasing incubation time, concentration of 
palmitic acid (PA) increases both in the medium and 
cells. This increased concentration of PA in the cells 
and/or cell culture media may be a causative factor for 
the decreased levels of TNF-a, nitric oxide and prob- 
ably other mediators such as PGE2. It is currently not 
known whether such a biological response observed in 
Kupffer cells following treatment with MP is associ- 
ated with its hydrolysis products, palmitic acid and/or 
methanol. Both metabolic products may dir ectly inhibit 
phagocytosis and release of mediators which needs to 
be investigated. 

The low concentration of MP in the cells is 
supported by the ubiquitous presence of esterases 
(Mentlein et al., 1980; Satoh and Hosokawa, 1998) 
and short half-life of MP formed in vivo (Kaphalia 
et al., 1995). Furthermore, FAME hydrolase activity 
has been described in the liver (Spector and Soboroff, 
1972). Fatty acid formed by hydrolysis can be in- 
corporated in various lipids (Marks et al., 1996), un- 
dergo p-oxidation to generate ATP (Ghisla, 2004) or 
incorporated into proteins (James and Olson, 1990). 
A decrease in recovery of fatty acid ester/acid in a 
time-dependent manner can be explained by these 
possibilities. We first postulated that incubation of 
Kupffer cells with MP increases the concentration of 
palmatic acid/ester in the cell and their uptake by the 
mitochondria increases the pool of palmatic acid/ester 
which inhibits ATP generation via p-oxidation. Inhi- 
bition of ATP production may suppress Kupffer cell 
function. Since no change in ATP levels was observed 
following exposure to MP, we then speculated that ob- 
served inhibition could be associated with inhibition 
of NF-kB activity, which is supported by our find- 
ing (Fig. 7). However, a detailed investigation needs 
to be conducted to elucidate the mechanism of in- 
hibition of phagocytosis by MP. Elucidation of such 
a mechanism will open new avenues to develop bet- 
ter inhibitors to suppress activation of Kupffer cells 
(macrophages), which could lead to the development 
of a new class of drugs against sepsis and perhaps tissue 
rejection. 
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Summary 

Inhibition or destruction of Kupffer cells (KC) may protect against ischemia- 
reperfusion (IR) induced primary graft nonfunction (PNF) in liver transplanta- 
tion. Besides KC activation, PNF is characterized by microvascular perfusion 
failure, intrahepatic leukocyte accumulation, cell death and hepatocellular dys- 
function. KCs can be inactivated by different agents including gadolinium chlor- 
ide (GdCl 3 ), methyl palmitate (MP) and glycine. The effects of three KC 
inactivators on IR-injury after rat liver transplantation were compared in the 
present study. Lewis liver donors were treated with GdCl 3> MP, glycine or saline 
(control). Liver grafts were transplanted following 24 h storage (UW solution). 
KC populations and IR damage were assessed by histologic analysis, quantitative 
real-time polymerase chain reaction (RT-PCR) and intravital microscopy. The 
number of hepatic ED-1 positive macrophages was diminished after GdCl 3 
(114.8 ± 4.4/mm 2 liver tissue) and MP treatment (176.0 ± 5.0), versus the gly- 
cine (263.9 ± 5.5) and control (272.1 ± 5.6) groups. All three treatment modali- 
ties downregulated phagocytic activity for latex particles, paralleled by reduced 
microvascular injury (acinar perfusion index, GdCl 5 : 0.75 ± 0.03; MP: 
0.83 ± .03; glycine: 0.84 ± 0.03; 0.63 ± 0.03). Quantitative RT-PCR revealed ele- 
vated myeloperoxidase mRNA after glycine versus GdCl 3 and MP pretreatment 
(3.2- and 3.4-foid, P= 0.011, respectively), without difference to controls 
(2.9-fold of glycine). TNFa-mRNA was reduced after glycine- (5.2-fold), GdCl 3 - 
( 19.7-fold), MP-treatment (39.5-fold) compared with controls. However, 
profound prevention of intrahepatic cell death and liver graft failure was solely 
achieved with glycine preconditioning. Different than GdCl 3 and MP, glycine 
modulates rather than destroys KCs. Glycine appears to preserve cell viability 
and to TNFa/leukocyte dependent organ regeneration capacity, which is related 
to increase graft survival following liver transplantation. 



Introduction 

Liver graft injury because of cold ischemia and reper- 
fusion represents one of the major obstacles in liver trans- 
plantation protocols [1). Ischemia-reperfusion (IR) injury 



is known to severely compromise early graft function, 
potentially contributing to graft loss and requirement of 
re- transplantation. Furthermore, it predicts long-term 
success after transplantation related to early induction of 
immune processes [2,3], becoming apparent as ischemic 
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type biliary lesions or graft rejection. Despite intense 
research on the development of new therapeutic strategies 
to counteract IR-dependent mechanisms [4], only a small 
fraction of the concepts have been introduced into clin- 
ical practice. 

The IR-injury in liver grafts is characterized by a 
sequence of morphologic changes. These include distur- 
bances of microvascular perfusion secondary to injury of 
the sinusoidal lining signified by endothelial cells and 
Kupffer cell (KC) disturbances [5,6], intrahepatic accu- 
mulation of white blood cells (WBCs) [7], and impaired 
hepatocellular function [8,9]. In addition, apoptotic cell 
death has been acknowledged as an important mechanism 
related to cellular IR injury [5,10). Nonetheless, activation 
of KCs has been identified as a key event in the initiation 
and perpetuation of the IR injury. Indeed, activated KCs 
represent a major intrahepatic source of potent mediators 
such as reactive oxygen species, tumor necrosis factor 
(TNF)ot, cytokines [interleukin (IL)-6]> eicosanoids and 
chemokines. However, the detrimental or protective func- 
tion of some mediators remains to be identified. For these 
reasons substances have been characterized to control 
KCs, either by destruction or by modulation. Among 
these substances are gadolinium chloride (GdCl 3 ), methyl 
palmitate (MP) and glycine. GdCl 3 is a rare earth metal 
salt with high similarity in crystal radii to calcium. GdCl 3 
can replace calcium ions, potentially interfering with cal- 
cium uptake and calcium-dependent cellular processes 
[11] including phagocytosis and proteolysis activation. 
GdC) 3 causes KC elimination, without described effects 
on other hepatic cell populations [12]. MP, a non-bydrol- 
yzable fatty acid ester, exerts its effects by inhibiting KC 
phagocytic activity, and by reducing the immunologic 
response to foreign antigens [13-15]. Although the 
underlying mechanisms remain somewhat speculative, 
MP integration into cell membranes seems to change 
membrane characteristics to provide a protective effect. 
The third substance of importance in the present study is 
glycine, which inhibits calcium influx into cells by bind- 
ing to a glycine-gated chloride channel [16,17]. Activation 
of this channel by glycine leads to hyperpolarization of 
the cell membrane by permitting chloride influx into the 
cell. This blunts calcium-influx into the cell by limiting 
the opening of voltage-gated channels [16], which decrea- 
ses KC activity and protects liver grafts [18,19]. However, 
although there is clear evidence for the detrimental effect 
of KCs after warm ischemia in vivo, increasing evidence 
in recent publications strongly challenge this pathologic 
concept in the context of cold ischemia and reperfusion 
in liver transplantation [20,21]. 

Although KC inhibition by GdCl 3 , MP and glycine 
have been evaluated in several experimental models in the 
past, direct comparisons after liver transplantation are 
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rare, and existing studies were performed in highly spe- 
cialized in vitro models or with short preservation times 
[19,22]. The purpose of the present study was to evaluate 
these three KC inhibitors on early graft IR injury, intrahe- 
patic cellular apoptosis, regeneration stimuli and survival 
after liver transplantation in the rat. 

Material and methods 

Experimental groups 

Four experimental groups were compared. Each group 
was divided into two sets of studies, consisting of one set 
of intravital microscopy experiments, and a second set of 
survival experiments. Separation of these study sets per- 
mitted the exclusion of influences of the intravital micr- 
oscopy on animal survival following transplantation. In 
one treatment group donor animals were pretreated with 
a single intravenous injection of GdCl 3 (10 mg/kg, 1 ml; 
Sigma Chemicals, Deisenhofen, Germany) 24 h before 
graft harvesting. In a second treatment group organ 
donors were treated in the same way with a bolus intra- 
venous injection of MP (300 mg/kg; Sigma Chemicals). 
MP was prepared as a stock emulsion by sonification of 
100 mg MP/ml Ringers solution containing 0.2% Tween- 
20 and 5% dextrose. In the third treatment group donors 
were pretreated with glycine (300 mM, 1 ml; Merck, 
Darmstadt, Germany) as a 1 h i.v. infusion preceding the 
graft UW perfusion. All treatment regimen were repro- 
duced with minor modifications from previous publica- 
tions [15,22]. The fourth group, pretreated with an equal 
volume of physiologic saline 24 h prior to reperfusion, 
served as the control group. 

Additional experiments with glycine treatment 24 h 
before, and GdCl 3 and MP treatment 1 h before graft 
harvest were performed to exclude specific effects of tim- 
ing of donor pretreatment. The determination of survival 
for 7 days showed no differences between the groups. 
Results were excluded from further analyses. 

Surgical procedure 

Syngeneic orthotopic liver transplantation, including 
sequential arterial reconstruction, was performed in male 
Lewis rats weighing 170-190 g (Charles River Wiga, Sulz- 
feld, Germany). Details of the surgical technique have 
been described in detail previously [23,24]. The cold isc- 
hemia time was 24 h in UW solution (4 °C; Du Pont de 
Nemours, Bad Homburg, Germany). BUc flow was monit- 
ored after insertion of a polyethylene tube (PE-50, 
0.58 ram inside diameter; Portex, Hythe, UK) into the 
common bile duct. Liver tissue specimens were collected 
after a 90 min interval of intravital microscopy (see 
below) or at 360 and 540 min after graft reperfusion. In 
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experiments, determining animal survival, the bile duct 
was reconstructed. Animals were given free access to food 
and water after .the surgical procedure. According to pre- 
vious studies in syngeneic rat liver transplantation experi- 
ments [23], and our own observations, surgery related 
technical complications and early graft failure as causes of 
death can be excluded within 7 days postreperfusion. 
Therefore, all recipients surviving 7 days were assumed to 
be long-term survivors. All experiments were carried out 
in accordance with the German legislation on animal pro- 
tection (permission no 621-2531.1-13/99, Government of 
Oberpfalz, Germany) and with the 'Principles of Laborat- 
ory Animal Care* (NIH publication no. 86-23, revised 
1985). 

Intravital fluorescence microscopy and video analysis 

After complete graft revascularization and recovery of the 
animals from the anhepatic period, in vivo epi-illumin- 
ation microscopy was performed from 30 to 90 min after 
portal graft reperfusion, as described previously in detail 
[24]. Hepatic acinar and sinusoidal perfusion was assessed 
after injection of sodium fluorescein (1 umol/kg; Merck). 
Eighty minutes after reperfusion, phagocytic activity was 
quantified after an intra-arterial bolus injection of fluores- 
cent latex particles (3 x 10 s yellow-green 1.1 urn diameter 
particles/kg; Polysciences Inc., Warrington, PA, USA). 
Video-registered microscopy sequences were assessed off- 
line by frame-to-frame analysis. Estimation of acinar 
perfusion was performed in lower magnification (240X; 
50-100 acini) classifying acini as completely perfused, 
irregularly perfused, or nonperfused, depending on the 
distribution of sodium fluorescein. In accordance with 
previous studies (24], the acinar perfusion index was 
calculated as (weli-perfused acini + 0.5 X irregularly-per- 
fused acini)/total number of acini. 

In addition, sinusoidal perfusion and KC phagocytic 
activity were assessed (600x magnification) in randomly 
selected individual acini at 35 until 80 min after graft rep- 
erfusion. Sinusoidal perfusion was expressed as the per- 
centage of nonperfused of all observed sinusoids in each 
subacinar zone (periportal, midzonal, pericentral). Of 
note, distribution characteristics of fluorescent com- 
pounds permit the quantification of sinusoidal perfusion 
exclusively within perfused acini. 

Kupffer cell phagocytic activity was analyzed continu- 
ously from 80 to 90 min after reperfusion in 15-20 ran- 
domly selected microscopic fields (405 x 540 urn). The 
percentage of moving latex-particles per field (8-12 s of 
observation) was determined. The measurements started 
in each experiment with appearance of the first particle 
within the sinusoids. Latex particles in postsinusoidal 
venules were not quantified. 



Graft excretory function 

For evaluation of graft excretory function, the total vol- 
ume of bile secreted during the initial 90-min reperfusion 
interval was measured. Bile production was standardized 
to milliliter per 100 g liver tissue, per 90 min. Bile acid 
content (umol/100 g/90 min) was assessed using the 
3-oc-dehydrogenase test [25]. 

Immunohistochemistry 

To assess KC numbers, paraffin-embedded liver tissue 
sections were stained for ED-1 (CD68) with a CD68-spe- 
cific antibody (BMA, Basel, Switzerland). Visualization 
was achieved with the DAKO streptavidin-biotin complex 
staining method (DAKO, Hamburg, Germany), and the 
chromogen 3,3'-diaminobenzidin-tetrahydrochloride. Sec- 
tions were counterstained with hematoxylin (Merck), 
Cells were counted in 10 randomly chosen high-power 
fields in each tissue section, with one sections of the large 
left and right liver lobe per animal, and expressed as pos- 
itive cells per square millimeter liver tissue. 

Terminal UDP nick end labeling assay 

The number of apoptotic cells was determined by stand- 
ard terminal UDP nick end labeling (TUNEL) staining 
(Boeloringer, Mannheim, Germany) of liver tissue sec- 
tions, according to the manufacturers instructions. 
TUNEL was visualized using 3>3'-diaminobenzidu>tetra- 
hydrochloride. TUNEL positive cells were counted in 10 
randomly chosen high-power fields in each tissue section, 
with one sections of each, the large left and right, liver 
lobe per animal, and expressed as positive cells per square 
millimeter liver tissue. 

Western blotting 

Detection of caspase 3 (CPP32) and its active cleavage 
product (p20 subunit) in hepatic tissue was performed by 
Western blot analysis. Tissue was minced in buffer con- 
taining 1% nonylphenoxypolyethoxyethanol, 0.5% sodium 
deoxycholate and 0.1% SDS in PBS supplemented 
with a protease-inhibitor mixture containing aprotinin 
(100 U/ml), sodium orthovanadate (184 mg/ml) and phe- 
nylmethylsulfonyl fluoride (100 mg/ml). The protein con- 
centrations were determined using a 'BC assay: protein 
quantitation kit* (Uptima, Interchim, Montlucon, 
France). Similar protein quantities in electrophoresis gels 
were controlled by actin determinations. SDS gei-electro- 
phoresis and protein transfer onto nitrocellulose mem- 
branes was followed by incubation with caspase 3 
(p20) and actin specific antibodies (24 h/4 °C). For 
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visualization horseradish peroxidase (HRP) conjungated 
secondary antibodies were used (all antibodies from Santa 
Cruz Biotechnology, Santa Cruz, CA, USA). 

Quantitative real-time polymerase chain reaction 

Quantitative real-time polymerase chain reaction 
(RT-PCR) was used to measure intrahepatic messenger 
RNA (mRNA) expression of CD 163 (specific for mononu- 
clear eel)), myeloperoxidase (specific for granulocytes), and 
of TNF-ot. Tissue samples were homogenized in TRIzol rea- 
gent (Invitrogen, Karlsruhe, Germany) and total RNA was 
extracted. To exclude potential genomic DNA contamin- 
ation the samples were treated with DNAsel (DNAfree, 
Ambion, Huntingdon, UK). Reverse transcription was per- 
formed with the first strand cDNA Synthesis Kit (Roche 
Diagnostics, Penzberg, Germany) using oligo-dT primers. 
PCR primers were designed from the corresponding cDNA 
sequences from the GeneBank (numbers: CD163: 
XM_232342; MPO: XM_220830; TNFa: NM_012675). RT- 
PCR was performed using a Light Cycler and the Fast Start 
cDNA SYBR Green Kit (Roche Diagnostics) with 0.5 of 
primers and 2 ul cDNA template. Detection temperature 
and MgCl 2 concentration were optimized for each primer. 
Gene expression was normalized to glyceraldehyde 3 -phos- 
phate dehydrogenase (GAPDH). The specificity of the PCR 
was confirmed by sequencing the products of each primer 
pair, the absence of nonspecific amplification was con- 
firmed by agarose gel electrophoresis. PCR levels are pre- 
sented as relations of arbitary units. 

Statistical analysis 

Data are presented as mean ± SEM. Non-normally distri- 
buted data was calculated after rank transformation. 
Depending on the number of measurements per experi- 
ment one-way anova or univariate anova was used for 
calculations, and Tukey-HSD test was used for post hoc 
comparisons between the groups. P < 0.05 was considered 
significant. Survival was estimated using Kaplan-Meier/ 
log-rank analysis. As previously described [26], kinetic of 
latex particle adherence was calculated using a general-lin- 
ear model with log-transformed percentages of moving 
latex particles as the dependent variable. All calculations 
were performed by use of the SPSS procedures UNIVARI- 
ATE and GLM (SPSS® Inc, Chicago, IL, USA). 

Results 

Effect of KC inhibitor pretreatment on KC numbers 
and function 

Immuno histological ED-1 staining of liver grafts revealed 
clear , differences in the number of positive cells between 
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Figure 1 Immunohistological staining of ED-1 at 90 min after reper- 
fusion as assessed with light microscopy. Pretreatment of organ 
donors with GdCl3 or MP resulted in a significant decrease in intrahe- 
patic ED-1 positive cells, compared with glycine pretreatment or con- 
trols. Data are presented as the mean ± SEM. *P < 0.05 vs. controls. 

the groups (Fig. 1). GdCl 3 pretreatment of the grafts 
resulted in a marked decrease in the total number of ED- 
1 positive cells versus controls (P < 0.001). MP treatment 
caused a less pronounced decrease in ED-1 positive cells 
(P < 0.001 versus controls and versus GdCl 3 >), however, 
glycine had no significant effect compared with controls. 
These results was furthermore supported by measure- 
ments of the monocyte-specific epitope CD163 with 
quantitative RT-PCR, which showed a highly significant 
decrease (440-fold, P < 0.001) after GdCl 3 and MP-pre- 
treatment of liver grafts in contrast to controls, which 
was not evident after glycine treatment (7-fold decrease, 
P = 0.07). Together, these data indicated a decrease in 
the number of KCs is after GdCl 3 or MP treatment, and 
minor effects of glycine on the KC population. 

Live analysis of injected latex particles revealed a pro- 
gressive decrease in their movement in all groups within 
the transplanted liver (Fig. 2). This decrease in particle 
movement reflects phagocytic activity in the liver, which is 
primarily because of KCs [24,26]. When making a closer 
comparison of the mean kinetic curves and 95% confid- 
ence intervals of the different groups, particle movement 
decreased faster in the control group versus groups pre- 
treated with GdCl 3 , MP and glycine. Therefore, these data 
suggest that KC phagocytic activity is lowered by each of 
the KC-inhibitors used in our experiments, most pro- 
nounced after profound destruction of KCs with GdCl 5 . 

Effects of KC-inhibitor pretreatment on macrohemo- 
dynamics and early hepatocellular bile excretion 

Parameters which fundamentally affect early graft function 
and microhemodynamics, such of donor and recipient 
weight, liver graft weight and anhepatic period showed no 
statistical differences between the different groups and 
between the two sets of experiments (intravital microscopy 
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Figure 2 Phagocytosis of latex particles after a single bolus intraarter- 
ial injection at 80 min after graft reperfusion in IVM experiments. 
Curves represent mean percentages of moving particles relative to all 
visible particles ± 95% confidence interval. Analysis reveal a faster 
decline in particle movement in controls, compared with glycine, MP or 
GdCI 3 pretreatment. As the decelerated velocity in particle movement 
is an indicator of increased phagocytic activity, these results suggest 
reduced phagocytic activity in ail groups pretreated with KC inactiva- 
tors, most pronounced after profound depletion of KCs with GdCI 3 . 

and survival experiments) (Table 1). However, mean arter- 
ial pressure during the intravital microscopy varied 
between 58.4 and 64.9 mmHg in the different groups and 
thus reflected depressed macrohemodynamic stability after 
liver transplantation. This effect was similar in all groups 
independent of the treatment modalities (GdCl 3 , MP, gly- 
cine and controls). Together, from these data, any influ- 
ence on early graft excretory function and microvascular 
graft injury in the different groups can be excluded. 

Bile flow and bile acid excretion, however, is a highly 
sensitive indicator of early graft function in human liver 
transplantation [8,9], which may depend on the activa- 
tion state of KCs [24]. Therefore, by inhibition of KCs 
changes in hepatocellular function could be expected. 
However, no significant difference was detectable in com- 
parison to recipients after treatment with GdCl 3 
(2.2 ± 0.5 ml/100 g liver tissue/90 min), MP (3.2 ± 0.6), 
glycine (2.8 ± 0.5), versus controls (2.8 ± 0.7). Bile acid 
excretion showed a tendency to higher levels after glycine 
pretreatment (122 ± 27.4 umol/100 g/90 min), as com- 
pared with the GdCl 3 (93.5 ± 25.2), MP (101.1 ± 18.7), 
and control groups (91.1 ± 21.6), but this difference was 
not statistically different. 

Effects of KC-inhibitor pretreatment microvascular 
graft injury 

As expected, a certain percentage of hepatic acini showed 
complete perfusion failure. Nonetheless, the relative num- 
ber of nonperfused acini in this analysis ranged between 



1.6 ± 1.1% (glycine) and 14.0 ± 4.3% (controls). Calcula- 
tion of the acinar perfusion-index showed that perfusion 
was roost homogenous with glycine (0.84 ± 0.03) and MP 
(0.83 ± 0.03) donor organ pretreatment, versus a mark- 
edly lower index with GdCl 3 (0.75 ± 0.03; P = 0.019). 
However, in comparison to controls (0.63 ± 0.03), all 
three KC modulating substances produced more homo- 
geneous acinar perfusion (P < 0.007). 

Furthermore, by means of intravital microscopy the 
percentage of nonperfused sinusoids was determined. In 
the present analysis, the glycine group revealed the 
highest number of nonperfused sinusoids (13.2 ± 1.1%), 
as compared with the groups after GdCl 3 - 
(10.8 ± 1.1%) and MP pretreatment (10.9 ± 1.1%) and 
controls (12.9 ± 0.9%), however this difference was not 
significant. The surprisingly high percentage of sinusoi- 
dal perfusion failure after glycine pretreatment was due 
to perfusion disturbances in the periportal subacinar 
region (18.6 ± 1.7%), when analyzing the number of 
nonperfused sinusoids separately for in each subacinar 
region- 
Effects of KC- inhibitor pretreatment on cell death, 
organ regeneration and graft survival 

The effects of KC-inhibitors on the survival of sinusoidal 
lining and parenchymal cells in liver grafts was deter- 
mined by TUNEL staining. At 90 min after graft reper- 
fusion, all three KC-inhibitors reduced the number of 
nonviable sinusoidal lining and parenchymal cells to the 
same extent, compared with controls (Fig. 3a,b). 

These results led us to test for caspase 3 activity in 
these tissues at 90 min after graft reperfusion, in order 
to confirm the process of apoptosis. Activation of 
caspase 3 (CPP32) represents the terminal step in the 
caspase cascade, and a decisive executive step of apop- 
totic cell death. Once activated, caspase 3-dependent 
processes leading to apoptosis, such as inactivation of 
PARP (poly-ADP-ribose polymerase; a repair enzyme for 
DNA strand-breaks) cannot be reversed. Importantly, 
caspase 3 cleavage precedes morphological signs of apop- 
tosis in affected cells. 

Western blotting KC-inhibitor pretreated liver grafts 
showed reduced levels of the caspase 3 cleavage product 
p20 after glycine treatment, when compared with GdCl 3 > 
MP at 90 min after graft reperfusion (Fig. 4). As a conse- 
quence, morphological signs of apoptosis should be dif- 
ferent after GdCl 3 , MP and glycine pretreatment when 
compared after complete execution of apoptosis. We 
therefore analyzed the number of TUNEL positive cells 
after 360 and 540 min following graft reperfusion, and 
indeed found significant higher levels of TUNEL positive 
sinusoidal lining cells (Fig. 3a) and hepatocytes (Fig. 3b) 
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90 min 360 min 

Time after graft reperfusion 
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Figure 3 Quantification of apoptosis by 
TUNEL assay, expressed as TUNEL positive cells 
per mm 2 . Whereas the number of TUNEL 
positive sinusoidal lining cells (a) and hepato- 
cytes (b) is lowered at 360 and 540 as 
compared with 90 min after reperfusion in 
controls, positive cell counts are elevated after 
GdOa and MP treatment at corresponding 
time points. In contrast glycine pretreated 
grafts revealed stable low levels of TUNEL 
positive cells at 90, 360 and 540 min after 
reperfusion. Differences are calculated as 
follows: a P < 0.0001 vs. controls; a > < 0.05 
vs. controls; h P < 0.0001 vs. glycine; b P < 0.05 
vs. glycine; Q P < 0.0001 vs. MP; c > < 0.05 vs. 
MP; d P < 0.0001 vs. 90 min level within the 
same group; d P < 0.05 vs. 90 min level within 
the same group; e P < 0.0001 vs. 360 min level 
within the same group; e P < 0.05 vs. 360 min 
level within the same group. 
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Caspase 3 
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figure 4 Caspase 3 cleavage. Representative Western blot analyses show decreased activity of cleaved caspase 3, the key enzyme for irreversible 
execution of apoptosis after GdCI 3 and MP pretreatment, compared with controls and the glycine group. The difference in activity of cleaved 
caspase 3 might explain the differences in the number of apoptotic cells at 360 and 540 min after portal reperfusion. 



following GdCl 3 - or MP-pretreatment numbers at 360 or 
540 min after graft reperfusion as compared with 90 min 
levels in the same group and as compared with die con- 
trol and the glycine group at corresponding time points. 
This effect was also observed after glycine pretreatment, 
but was restricted to sinusoidal lining celts and not evi- 
dent for hepatocytes. This indicates a prevention of apop- 
tosis execution by glycine in comparison to GdCB and 



MP after extended cold liver graft ischemia and reper- 
fusion. In control animals, however, the number of apop- 
totic cells at time points later than 90 min was found to 
be lower as compared with the 90 rnin-value. This may 
indicate, that the process of apoptosis execution in the 
control group peaked very early after reperfusion, and 
apoptotic cells are not found in the liver after 6 h 
postreperfusion. 
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Myeloperoxidase mRNA (AU) 



Tumor necrosis factor mRNA (AU) 




□ GdCI 3 
MP 
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Fiqure 5 intrahepatic WBC accumulation indicated by expression of myeloperoxidase as well as TNFa expression verified by quantitative RT-PCR. 
Treatment with KC depleting substances (6dCI 3 and MP) are associated with reduced myeloperoxidase activity compared with the gem group 
and controls, indicating reduced WBC accumulation following GdCI 3 and MP pretreatment. In parallel TNFa expression .s reduced after KC dele- 
tion. Together these data may represent a reduced potential of regenerative response of the liver grafts. Data are presented as the mean ± SEM. 
*P < 0.05 vs. controls, **P < 0.05 vs. gtycine. 



Effects of KC-inhibitor pretreatment on TNFa 
expression and intrahepatic granulocyte accumulation 

Intrahepatic TNFa-dependent leukocyte accumulation 
appears to be mandatory for the regeneration capacity 
of hepatic tissue after cold ischemia in (partial) liver 
transplantation. In order to further test the cyto- and 
graft-protective potential of glycine in contrast to GdCl 3 
and MP, quantitative RT-PCR was performed in hepatic 
tissue for detection of intragraft TNF expression. As 
indicator for the presence of granulocytes, relative intra- 
hepatic MPO was in addition quantified by RT-PCR 
(Fig. 5). Quantitative RT-PCR revealed elevated myelop- 
eroxidase expression after glycine compared with GdCl 3 
(3.2-fold, P= 0.011) and MP pretreatment (3.4-fold, 
P = 0.011). In control grafts MPO levels were found 
higher than in the glycine group (2.9-fold elevation), 
however with no statistical difference (P = 0.58). In 
accordance with the hypothesis that TNF-expression is 
associated with liver graft infiltration with leukocytes we 
detected strongly reduced levels of TNF reduced after 
glycine- (5.2-fotd), GdCl 3 - (19.7-fold), MP-treatment 
(39.5-fold) compared with controls. Although markedly 
distinct differences of glycine- versus GdCl 3 - and MP- 
pretreated grafts were evident, TNF was found to be 
significantly lower solely in the MP compared the gly- 
cine group (P = 0.01). 

Graft recipient survival 

Because survival of the transplant recipient is the 
primary goal of any organ pretreatment strategy, we 
examined survival after KC-inhibitor use. Although 



direct graft function indicators, such as bile flow did 
not differ between the groups at 90 min after graft rep- 
erfusion, log-rank statistics on Kaplan Meier survival 
plots (Fig. 6) revealed a critical advantage of survival in 
animals receiving grafts pretreated with glycine, as com- 
pared with animals receiving grafts pretreated with 
GdCl 3 (P = 0.045), MP (P = 0.014) or saline (P = 
0.036). Therefore, our direct comparison of the various 
KC-inhibitors indicates that glycine is most effective at 
preserving critical liver graft functions determining 
long-term survival. 



1.0 



FT" 



c 

i 06 

C 

'_2r OA 

o 



0.2 



0.0 



glycine, n = 7 



1 



GdCl 3 .n = 8 
; controls (saline), n =» 7 

L -4 

MP, n = 10 



100 



200 



Hours after transplantation 



Figure 6 Glycine pretreatment was accompanied by significantly 
improved recipient survival, as compared with all the other groups. 
Kaplan-Meier estimations and log-rank comparisons, significance level 
0.05. 
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Table 1. General data. 

GdCI 3 (n = 9) • MP {n = 9) Glycine (n = 7) Controls {n = 7) 

IVM experiments 

Donor weight (g) 179.4 ±9.6 186.6 ±5.5 195.5 ±7.8 196.8 ±7.7 

Recipient weight (g) 213.8 ± 16.5 215.6 ± 10.1 205.5 ± 5.5 212.6 ± 4.2 

Graft weight (g) 6.9 ±0.4 7.7 ±0.3 7.8 ± 0.3 8.4 ± 0.2 

Anhepatic time (min) 14.8 ±0.4 14.7 ± 0.6 13.3 ±0.4 14.9 ± 0.6 

Arterialization delay (min) 5.5 ± 0.8 3.4 ± 0.5 3.5 ± 0.3 4.4 ± 0.6 

Mean arterial pressure (mmHg) 64.6 ± 2.1 61.5 ± 2.6 58.4 ± 5.4 64^9 ± 3.3 

Survival experiments (n = 10) in « 9) (n = 10) (n = 8) 

Donor weight (g) 1 75.0 ± 9.8 1 88.2 ±6.3 1 88.8 ± 3.7 1 92.4 ± 1 3.0 

Recipient weight (g) 201.2 ±9.4 207.8 ± 6.9 214.7 ±7.3 197.8 ±8.6 

Graft weight (g) 7.0 ±0.4 9.2 ± 0.3 7.8 ±0.2 8.0 ± 0.6 

Anhepatic time (min) 13.7 ± 0.4 14.8 ±0.7 13.9 ±0.5 12.7 ±0.9 

Arterialization delay (min) 6.1 ± 1.5 3.7 ± 0.6 6.1 ±1.0 3.1 ± 0.5 



Data presented as mean ± SEM. No significant differences between all groups, n = numbers of individuals in each group. 



Discussion 

Recent evidence suggests that inactivation or destruction 
of KCs could serve as an effective regimen to overcome 
hepatic organ dysfunction or failure [17,19,22,27]. The 
present study is the first to directly compare the effects of 
GdCl 3 , MP, or glycine pretreatment on post-transplant 
liver functions. We demonstrate that microvascular graft 
injury is reduced by KC inactivation early after liver 
transplantation following 24 h of graft storage. However, 
survival after liver transplantation is solely improved sig- 
nificantly in glycine pretreated recipients, which might be 
due to different effects of GdCl 3> MP, or glycine on apop- 
tosis of sinusoidal lining cells and hepatocytes, as well as 
on the potential of graft regeneration after severe ische- 
mia and reperfusion induced injury. These results strongly 
support the use of glycine as a protective drugs in liver 
transplantation. Furthermore, it sustains studies on warm 
ischemia and reperfusion and acetaminophen-induced 
liver injury [20,21,28] which query previous observations 
of beneficial effects of KC destroying agents. 

Our side-by-side comparison of these three KC inhibi- 
tors revealed important differences in their effects on KCs. 
One difference is that the number of KC was only reduced 
after GdCI 3 and MP treatment, although phagocytic activity 
for fluorescent latex particles was found to be reduced in all 
three GdCl 3 , MP, or glycine pretreated groups. 

Therefore, our results suggest that glycine downregu- 
lates KC activity, but does not alter the number of KCs 
in liver grafts. Interestingly, glycine pretreatment of grafts 
was the only KC inhibitor strategy that significantly pro- 
longed recipient survival. 

Our finding of improved animal survival only with gly- 
cine is in contrast with previous investigations showing 



similar effects of GdCl 3 and glycine [22]. It is notable, 
however, that in the other investigations, liver grafts 
received gentle manipulation and were only held in stor- 
age short-term (1 h), or were examined under isolated 
perfusion conditions. Therefore, previous experiments did 
not apply as much stress to the explanted liver before and 
after transplantation. It is likely, therefore, that longer- 
term storage conditions in our experiments increase the 
sensitivity of the model system to possible differences 
between KC inhibitor treatment regimens. In fact, macro- 
hemodynamic conditions, recipient age, body weight, fiver 
graft weight, and time for graft revascularization showed 
no statistical difference between the groups which ensures 
comparability of the results. Also, to avoid practical varia- 
tions, the KC inhibitors used were prepared and applied 
as previously described [15,22]. 
' Analysis of liver microcirculation in our study revealed 
some subtle differences between the different KC inhibi- 
tors. Indeed, it has already been shown that KC inactiva- 
tion with GdCl 3 significantly reduces microvascular 
perfusion failure in hepatic sinusoids using the same rat 
model [27], and homogenization of microvascular perfu- 
sion in gently manipulated livers has been demonstrated 
with GdCl 3 or glycine [22]. Consistent with these studies, 
we observed a reduced number of nonperfused acini after 
pretreatment with GdCl 3 and MP, but this effect was 
most impressive with glycine. However, this effect was 
not reproducible with any of the 3 KC inhibitors when 
we analyzed sinusoidal graft perfusion in our experiments. 
This observation may be due to the fact, that distribution 
of fluorescent components sinusoidal perfusion allows the 
quantification exclusively in perfused acini, when intravi- 
tal microscopy is applied. As a consequence sinusoidal 
perfusion measurements in intravital microscopy experi- 
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ments can only be interpreted in the context of acinar 
perfusion failure. Nonetheless, hepatic acini containing 
multiple single hepatic sinusoids (in our experiments 
3-12, mean: 7 sinusoids) represent a much larger micro- 
vascular unit than do sinusoids. Microvascular perfusion 
failure of complete acini may affect a much larger volume 
of hepatic tissue than do individual sinusoids. Indeed, 
our observation that glycine pretreated animals showed 
the best survival after 7 days supports this conclusion. 

Leukocyte adherence and accumulation in liver grafts 
early after reperflision has been postulated as a likely con- 
tributor to ischemia reperfusion injury by being a source 
of potentially toxic mediators [4,7,24], The significance of 
leukocyte adherence has been questioned although [29], 
and intravital microscopy studies of transplanted livers 
after prolonged cold ischemia failed to document benefi- 
cial effects of blocking leukocyte adherence on early graft 
function [30]. In addition, liver regeneration after 70% 
partial hepatectomy has been shown to be dependent on 
an intact recruitment sequence of leukocyte adherence _ 
[31]. In this model, KCs may play a fundamental role in 
the recruitment of leukocytes via release of cytokines, in 
particular TNF-a and 11-6 [31]. Furthermore, this mech- 
anism appears to be mandatory for regeneration of 
reduced size rat liver grafts as well as severely injured liv- 
ers after CC1 4 exposition [32,33]. However, the effect of 
KC depletion or modulation on cell survival and capacity 
of regeneration on liver grafts severely injured by cold isc- 
hemia is yet unknown. This led us to examine in partic- 
ular leukocyte infiltration and TNF-ot expression in liver 
grafts of the present experiments. As assessment of leuko- 
cyte adherence by means of intravital microscopy may 
provide information only on intravascular flow and 
adherence behavior of leukocytes, myeloperoxidase activ- 
ity in hepatic tissue was quantified by real time polym- 
erase chain reaction (quantitative RT-PCR). In paralleled 
examinations, TNF-a expression was analyzed. Interest- 
ingly, in complete accordance with the mentioned studies, 
[32,33] MPO as well as TNF-ot expression was higher 
after glycine treated liver grafts as after depletion of KCs 
with GdCl 3 or MP, probably indicating the preserved 
ability for regeneration via TNF-cx dependent leukocyte 
recruitment following glycine pretreatment. Previous 
observations with examining the potential of hepatic 
regeneration after elimination of KCs with GdCl 3 [31] 
and MP [34] clearly demonstrate the detrimental effect of 
KC depletion, and our data on TNF-a levels und leuko- 
cyte infiltration together with the results of animal survi- 
val measured 7 days after transplantation would favor this 
assumption. 

Nonetheless, differences of cellular graft function or 
intrahepatic cell death after transplantation could 
be expected, if the difference in graft survival was 
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determined by variations in the potential of liver regener- 
ation after transplantation in dependence on KC deple- 
tion or modulation. We monitored early liver graft 
function by hepatocellular excretion, which, in contrast to 
serum levels of hepatocellular enzymes or hepatic media- 
tors, indicates graft function independent of perfusion 
irregularities [8]. Bile flow over 90 min, was not affected 
by any of the three treatment regimens. A slightly, but 
not significant, improved bile salt excretion after glycine 
pretreatment might indicate some degree of hepatocellular 
protection in the glycine-, as compared with the MP- or 
GdCl 3 -group. However, the striking differences in survival 
between the groups may not be explained by effects on 
graft excretory function. 

Interestingly, although all three KC-inhibiting agents 
reduced apoptotic cell death as early as 90 min after graft 
reperfusion, GdCl 3 and MP treatment only delayed the 
development of cell death. Analysis of TUNEL-sections of 
liver grafts retrieved at 6 and 9 h following reperfusion 
further suggest, that KC inactivation plus direct cellular 
protection by glycine might result in a profounder protec- 
tion of fiver grafts, than depletion of KCs by GdCl 3 and 
MP. This finding is substantiated by our results on 
caspase activation showing a strong signal for cleaved 
(activated) caspase 3 after GdCl 3 and MP treatment, but 
not after glycine treatment- In untreated controls how- 
ever, induction of cell death leading to graft loss of 70% 
of recipients, may either be strongly accelerated or, more 
likely, independent of caspase 3 cleavage. This latter 
mechanism would be supported by the necrapoptosis 
hypothesis [35], presuming mixed modes of cell death 
(apoptosis and necrosis) after cold ischemia and reper- 
fusion of liver grafts. Cell death via necrosis occurs rap- 
idly after graft reperfusion [6], whereas apoptosis takes 
several hours to develop [5]. This could explain the high 
numbers of TUNEL positive cells in the control group 
without elevation of cleaved caspase 3. On the other 
hand, apoptosis is a dynamic process, and caspase 3 clea- 
vage was found strongly augmented early after reper- 
fusion of liver grafts following 24 h of cold storage as 
compared with solely cold stored livers [36]. Thus, detec- 
tion of TUNEL positive cells at 90, 360 and 540 min after 
liver graft reperfusion may simply represent morphologic 
expression of preceding molecular mechanisms. The ele- 
vation of TNF-ot in control and glycine pretreated liver 
grafts compared with KC-depleted grafts not necessarily 
contradicts the findings of apoptotic cell death. 
Overwhelming TNF-a levels indeed strongly induce apop- 
tosis and necrosis [35,37]. However, TNF-a stimulation 
may exert multiple distinct effects, including the induc- 
tion of NF-kB, which is related to a cellular regenerative 
response after several types of injury [33,38]. Thus, again, 
glycine pretreatment may preserve the potential for 
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TNF-oc dependent regeneration processes superior to 
GdQ 3 or MP. Together, the present data emphasize the 
previously assumed beneficial effects of glycine-precondi- 
tioning of liver grafts [17,19] and as the first outline sub- 
stantial advantages in contrast to KC depleting agents. 
The glycine-effects are most likely linked to prevention 
microvascular injury and preserved cellular regeneration 
potential and reduced apoptotic and necrotic cell death, 
resulting in increased liver graft survival. 

In summary, glycine is a highly effective substance for 
preventing ischemia and reperfusion-related liver graft 
injury. As protective effects on kidney, heart, intestine 
beside of the hepatoprotective [17], and no adverse effects 
with its use are reported, glycine may therefore have mul- 
tiple advantages for clinical use and should be broadly 
considered to reduce the incidence of early liver graft dys- 
function. 
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